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Polymeric biomaterials are especially susceptible to changes in mechanical and 
surface material properties as a result of sterilization processes that involve heat, moisture 
and/or irradiation.  This is problematic for polymeric materials used in total joint 
replacement bearings, as these constructs must retain their superior mechanical and 
tribological properties over their expected 10-20 years of implantation.  A younger more 
active patient population has now exacerbated this longevity issue with service lifetimes 
of 20+ years now being expected.  Supercritical phase carbon dioxide (SC-CO2) is an 
industrial solvent that has shown great promise as a sterilizing agent in the food industry.  
Recently, SC-CO2 has adapted for the sterilization of medical grade total joint 
replacement ultra-high molecular weight polyethylene (UHMWPE), reducing the 
exposure of the polymer to the detrimental effects of heat, moisture and/or radiation.  
Further research is needed however to evaluate the effect of SC-CO2 sterilization on the 
mechanical, surface and tribological properties of UHMWPE over time.  This dissertation 
explores the use of SC- CO2 sterilization for UHMWPE for total joint applications from a 
tribological perspective.  It seeks to investigate and quantify fundamental tribological 
measures that occur at the bearing contact of total joint replacements, and it formulates 
and develops new experimental techniques and testing systems to investigate these 
tribological phenomena. 
This dissertation explores the hypothesis that SC-CO2 sterilization does not 
significantly affect the mechanical and/or tribological properties of UHMWPE, making it 
a “material safe” sterilization treatment for this sensitive polymer.  To answer this 
 iii
hypothesis, this dissertation develops and employs a series of clinically relevant wear 
testing methodologies in conjunction with industry standard material and surface 
characterization techniques to evaluate the efficacy of SC-CO2 for UHMWPE 
sterilization.   
To begin this dissertation research, the clinical relevance of utilizing force-
controlled TKR wear testing as a full-scale test-bed for the evaluation of orthopaedic 
biomaterials wear was quantified through direct comparisons of simulator and in vivo 
patient TKR bearing kinematics.  These experimental comparisons then enabled the 
development kinematic descriptors for the evaluation of tribologically relevant TKR 
bearing motions, and established scientific dialog between in vivo fluoroscopic video 
motion methodologies and in vitro simulator wear testing kinematic methodologies.  The 
union and exploration of these two data-sets and methodologies enhanced the long term 
evaluation and interpretation of TKR kinematic and tribological performance measures.  
This data was then utilized to develop a tribological and kinematic envelope from which 
the basic study of biomaterial bearing wear could be evaluated.  Around these 
parameters, the MAX-Shear (Multi-Axis Cross Shear) pin-on-disk wear testing system 
was designed for the initial tribological assessment of implant biomaterials wear.   
Following completion of this system, the long-term wear performance of SC-CO2 
sterilized UHMWPE pin specimens was assessed and compared to 2.5MRad nominal 
gamma irradiated and unsterilized controls.  This pin-on-disk study utilized tribological 
and kinematic parameters that were developed as a result of the patient and simulator 
TKR kinematic comparison study, and served as an experimental control for the initial 
assessment of the tribological performance of SC-CO2 sterilized UHMWPE.  Finally, 
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following completion of the pin-on-disk study, industry collaboration was sought and 
secured for the full-scale evaluation of TKR wear performance of SC-CO2 sterilized 
UHMWPE tibial inserts during a 5 million cycle force-controlled wear testing simulation.  
These long-term wear tests helped confirm the strength of SC-CO2 sterilized UHMWPE 
for use in orthopaedic bearing applications and has further validated the use of multi-axis 
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1. 1 Total Joint Replacements: Description and Biomaterials Use 
 
 
Total joint replacement is considered one of the most successful orthopaedic 
procedures in the 20th century.  Classically, immobility as a result of joint degeneration 
was considered an inevitable bi-product of old-age, with its associated pain and crippling 
debilitation marking an end to the individuals’ physical participation in society.  The 
advance of total joint replacement (TJR) procedures for the relief of pain, limited range 
of joint motion, and the arthritic condition of the joint now offer promise to individuals 
the world over who wish to continue to enjoy the activities of daily living into their 
golden years.  Today, over one-half million adults in the United States currently undergo 
total joint replacement surgery of the hip or knee joint per year, with short term clinical 
success rates approaching 95% for marked improvement in patient pain, mobility and 
patient satisfaction(1, 2).   
 
 
Figure 1.1.1: General Components of a Total Knee Replacement System. 
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The design and use of total hip replacements (THR) in clinical practice pre-dates 
total knee replacement (TKR) by 10-15 years, but due to continuing advances in total 
joint replacement materials selection, both systems currently enjoy high success rates and 
share many of the same design and material considerations.  In the USA, TKR devices 
usually consist of 4 components which are: 1) a metal-alloy femoral component that is 
press-fit or cemented onto the prepared surface of the distal femur, 2) a metal-alloy tibial 
tray component that is press-fit or cemented onto the surgically prepared proximal tibia,  
3) a polymeric tibial bearing insert that attaches to the proximal surface of the tibial tray 
and serves as the sacrificial bearing material during its articulation with the metallic 
femoral component, and 4) an optional polymeric patellar button that is press fit or 
cemented onto the surgically prepared patellar surface (figure 1.1.1).  The focused use of 
metal-on-polymer systems within the USA has led to a comfortable conundrum within 
the industry, as each company strives to incrementally advance its designs and/or 
materials to arrive at the optimum metal-polymer bearing coupling.  Many of these 
incremental advances for polymeric materials can be found in the processing steps 
needed for manufacturing and preparing these materials for market, and include material 
formulation, bulk material molding, heat treatments, sterilization treatments and 
packaging environments(3).  However, each of these material alterations must be 
systematically evaluated using a battery of mechanical and tribological testing protocols 





1. 2 UHMWPE as a TKR Bearing Material 
 
 
UHMWPE has been the orthopaedic bearing material of choice for nearly half a 
century.  Its superior wear resistance, low friction coefficient, biocompatibility, toughness 
and impact resistance have all encouraged its use in lower extremity joint replacement 
applications(4).  As a bearing material, it is prone to wear in the long term and this wear 
process has been shown to affect both the short-term bearing function and the long term 
survivability of the implant.  During the wear process, wear particles are released into the 
joint and migrate into surrounding tissues.  These wear particles are implicated in the 
immunologic cascade that results in the resorption of near-implant bone mass responsible 
for the bone-implant mechanical stability of the device(5). This continued resorption of 
bone eventually leads to the loosening of the implant and failure of the device.  As such, 
there is a continued drive to reduce the wear of UHMWPE bearing components though 
material and design improvements.  This type of basic research is driven by the need to 
continually improve the laboratory techniques and testing methodologies needed to 
evaluate the long-term potential of these materials in the body(6).  Simulations of intended 
use and wear are central to the goals of this dissertation research with the ultimate goal of 
being able to quantify the in vivo result whilst in the laboratory.  One of the fundamental 
aims of this dissertation is to further develop the experimental methods used in the 






1. 3 TKR Bearing Tribology and Wear Testing Simulation 
 
 
The clinically relevant wear testing of orthopedic bearing materials is a complex 
experimental and theoretical issue.  In general, as any tribology experiment increases in 
similarity to in vivo total joint conditions, the simplicity and affordability of that 
experiment decreases.  It is for this reason that experimentally “simple”, yet clinically 
relevant wear testing has been an elusive goal for the biomaterials community.  Most 
often, the experimentalist is forced to compromise and choose an experimental 
configuration somewhere in between the extremes of simple and clinically relevant.   
On one end of the spectrum, total joint simulators are often regarded as the best 
option for final wear analysis of candidate orthopedic bearing materials.  However, these 
simulators require complex loading and displacement inputs, are expensive to build and 
maintain, and require significant sample preparation (up to and including the fabrication 
of a finished test implant).  These simulations are ideal final endpoints for the evaluation 
of new designs and materials (as is the case in the current dissertation), but in the interest 
of time and expense, simplified research options are often needed for the initial 
assessment of candidate biomaterials.  Pin-on-disk testing is an experimentally simpler 
and more affordable method by which quantitative measures of material wear 
performance can be obtained. Often, these pin-on-disk wear tests are performed under 
conditions that are limited representations of the in vivo condition(7-10).  The adoption of 
simplified experimental conditions at the expense of physiologic similarity is often seen 
to be the preferred choice for the initial screening of candidate materials.  At some point, 
however, the trade-off becomes substantial enough that the data has questionable 
relevance to the in vivo application being modeled.  Unfortunately, recent evidence has 
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shown that the wear behavior of traditional orthopedic bearing polymers such as 
UHMWPE is greatly affected by the compromises of simplified configurations and 
motions(11).  These simplifications can result in wear mechanisms and results that differ 
greatly from the in vivo condition. 
Recent studies have produced significant gains towards the accurate 
characterization of total joint replacement kinematics and function, yielding quantifiable 
measures of bearing tribological variables, including start/stop transients, contact sliding 
velocities, accelerations, ranges of travel and contact pathway mappings (figure 1.3.1)(12, 
13).  Through direct comparisons between in vitro total knee replacement (TKR) 
simulation and in vivo TKR fluoroscopic kinematic data, concrete estimates of total knee 
replacement kinematic function have been established (14, 15).  In addition, knee simulator 
studies using physiologically relevant loading patterns have shed further light on multi-
directional crossing pathways(16, 17) thought to produce accelerated wear and thus linked 
to the primary failure mode of TKR devices.  To date, these new volumes of 
physiological data have had only limited application in the field of polymeric wear and 
orthopaedic bearing tribology. Such quantifiable estimates of basic bearing tribology 
offer great potential for the reintroduction of this data into basic wear testing research.  
We hypothesize that TKR force-controlled wear testing simulation data can be harnessed 
and compared to the in vivo condition to develop a more simplified, cost effective wear 
testing systems for the evaluation of candidate biomaterials.  These basic wear testing 
systems would have the capability to approximate a broad range of kinematic conditions 
that are seen on TKR bearing surfaces, and be able to quantify the tribological parameters 
that are occurring during the wear process.  To this end, one of the aims of this 
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dissertation is to develop and validate a pin-on-disk wear testing platform that is capable 















Figure 1.3.1: TKR Bearing Contact Point Mapping Schematic Showing Different Types of Kinematic 
Variables 
 
1. 4 UHMWPE Sterilization Using Gamma Irradiation 
 
 
As a test bed, this dissertation evaluates the effect of sterilization on the wear and 
mechanical properties of UHMWPE.  Within the orthopaedic community, sterilization by 
gamma irradiation is currently the method of choice(4). As well as being a very effective 
sterilant, the process possesses many advantages, including good penetration, good 
coverage, non-contacting, quick, cost effective, and no residual physical contamination of 
the implant.  Recent evidence suggests that the cross-linking of UHMWPE polymer 
bearings utilizing high doses of gamma radiation significantly increases the wear 
resistance of the polymer surface(18-20).  This has sparked a frenzy of material processing 
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battles between companies that are focused on developing the ultimate polymeric 
material cross-linking methodology to re-introduce into the metal-polymer design 
pairing.  Unfortunately, this highly cross-linked UHWMPE has also been shown to 
exhibit reduced toughness and fatigue resistance(21, 22).  Furthermore evidence suggests 
that highly cross-linked polyethylene wear particles may cause a greater osteolytic 
response in vivo, thereby increasing the risk of implant loosening(23).  Increasingly, 
gamma irradiation of UHMWPE has been promoted as a processing method to enhance 
or alter the mechanical performance of the material, with the sterilization of the polymer 
being almost a secondary benefit of the procedure.   Usually, gamma irradiation must 
remain as a final step in the manufacturing process to insure sterility.  Using an 
alternative sterilization technique such as SC-CO2 sterilization would allow the material 
designer to decouple the sterilization technique from material enhancement regimen and 
possibly open up new material processing avenues within the field.  
 
1. 5 Supercritical Carbon Dioxide Sterilization 
 
 
Supercritical carbon dioxide processing for sterilization of food and materials has 
received significant attention in recent years(24).  Besides being very abundant, carbon 
dioxide is also inexpensive, relatively inert, non-flammable, non-toxic, and 
environmentally friendly so long as it is recycled(25).  Research exploring the anti-
microbial properties of CO2 was first conducted in the 1950’s, but only in the past decade 
has the most extensive CO2 sterilization research been initiated.  A thorough review of 
SC-CO2 sterilization research published in 2003 detailed numerous studies that have 
demonstrated the ability of CO2 to inactivate microorganisms under a variety of 
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conditions(26).  Supercritical CO2 (SC-CO2) in particular, has been found to be highly 
effective at killing many species of microorganisms(26, 27).  SC-CO2 possesses excellent 
mass transfer properties (28) and is therefore suitable for the sterilization of devices with 
complex geometries. Furthermore, the CO2 critical point of 31.1º C and 74.8 atm can be 
readily reached using relatively simple equipment. Supercritical CO2 is also a non-polar, 
relatively inert and weak solvent, and thus low molecular weight liquid additives are 
sometimes used to enhance its solvent strength and chemical action.  Previous research 
conducted in our laboratory has led to the identification of mild conditions and additives 
at which SC-CO2 can effectively inactivate clinically relevant bacterial spores(29). These 
mild sterilization conditions were then combined with regulated depressurization steps to 
maximize material bulk stability.  This dissertation hypothesizes that SC-CO2 
sterilization of UHMWPE does not detrimentally alter the mechanical or tribological 
properties of the material.  As such it is hoped that the results of this dissertation will 
support the continued development of SC-CO2 sterilization of UHMWPE and other 
clinically relevant biomaterials for medical devices. 
 
1. 6 Significance of Dissertation 
 
 
The long-term objective of this dissertation is to significantly improve the 
longevity of UHMWPE bearing materials through the investigation of TKR bearing 
tribology, simulation methodology and alternative sterilization techniques.  It is hoped 
that this research will encourage the expanded investigation of basic TKR bearing wear 
testing parameters and further the use of SC-CO2 sterilization processing for a greater 
range of porous, absorbent and/or sensitive polymers in the biomaterials field. 
 
 
2 RESEARCH OBJECTIVES 
 
This  dissertation is formatted to cover five key phases of research which are, 1) 
The evaluation of the clinical relevance of total knee replacement force-controlled wear 
testing simulation through a direct comparison of patient and simulator TKR kinematics, 
2) The quantification of TKR bearing kinematics during laboratory simulation, 3) The 
development of a pin-in-disk wear testing system for the simulation of complex cross-
shear wear and novel bearing materials, 4) The pin-on-disk wear testing and materials 
evaluation of SC-CO2 sterilized UHMWPE, and 5) The full-scale TKR wear testing of 
SC-CO2 sterilized UHMWPE utilizing a force-controlled simulator.  Each of these 5 
phases of research is presented in chapter format and asserts a specific hypothesis in 
support its research goal upon which an experimental approach is developed and 
implemented.  These five chapters are then followed by a dissertation discussion, 
recommendations and references. The long-term objective of this work is to significantly 
improve the longevity of UHMWPE bearing materials through the investigation of total 
knee replacement (TKR) bearing tribology, simulation methodology and alternative 
sterilization techniques.  It is hoped that this research will encourage the expanded use of 
SC-CO2 sterilization processing for a greater range of porous, absorbent and/or sensitive 





2. 1 Phase 1: Simulator Validation 
 
 
The evaluation of the clinical relevance of total knee replacement simulation 





The TKR mechanics produced during force-controlled TKR wear testing 





This dissertation utilizes the Stanmore force-controlled knee simulator to conduct 
a comprehensive wear test on a clinically successful TKR design and presents the results 
of this wear test, with specific emphasis on the kinematics of the TKR design.  It then 
expands the kinematic results of the wear test to encompass a comparison with patient 
data to validate in-vivo relevance of TKR simulation and expand the understanding of the 
kinematics that are available during simulation.  To do this, an external collaboration 
with a leading patient fluoroscopic imaging laboratory was sought, and data from similar 






2.1.3 Innovative Features and Outcomes 
 
 
This dissertation experimentally validates the use of the Stanmore simulator as an 
in-vivo approximation of TKR kinematics.  To do this, a collaboration between in-vitro 
simulation and in-vivo patient kinematic measurement laboratories was fostered.  This 
cross-laboratory, cross-model dialog expanded the existing lexicon that in the past 
prevented the seamless comparison of “clinical” motion descriptors and “simulator” 
kinematic data.  
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2. 2 Phase 2: TKR Complex Kinematics 
 
 






TKR simulation on an Instron/Stanmore force-controlled wear testing simulator 
induces complex cross shear motions that are quantifiable during experimentation. 
 
2.2.2 Approach  
 
 
Using the kinematic data collected from TKR simulation, this dissertation 
developed the theoretical methods to extract the cross shear mechanics and kinematics 
from this test.  Concurrently, experimental methods and measurement tools were 
developed to experimentally quantify the cross-shear kinematics from the simulator.  
Rigid body kinematic analysis was utilized to process femoral and tibial geometric 
alignment parameters and femoral/tibial motions to map out the contact bearing 
kinematics of the system.  Concurrently, experimental measurement tools were developed 
to quantify the medial/lateral motions in the Stanmore Simulator during wear testing.  
Kinematic algorithms were developed to process the medial/lateral data and combine this 
with existing anterior/posterior kinematic data to obtain complete descriptors of cross-
shear motion events. 
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2.2.3 Innovative Features and Outcomes 
 
 
The results of Phase 2 yielded the dynamic quantifications of cross shear 
kinematics in total joints and served as a working range of kinematic parameters that 
represent cross shear in total joint replacement. 
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2. 3 Phase 3: MAX-Shear Machine Development 
 
 
The development of a pin-on-disk wear testing system for the simulation of 





A pin-on-disk based simulator and experimental methods can be developed that 
can reproduce the complex cross-shear bearing motions that occur during TKR 






A multi-axis pin-on-disk wear testing machine was designed and constructed that 
is capable of reproducing the broad range of multi-axis kinematics that are representative 
of TKR bearing motions.  This system is based on computer controlled x-y multi-axis 
motion and is capable of measuring the cross-shear frictional forces over time.  
Laboratory procedures and experimental methods were developed concurrently to collect 






2.3.3 Innovative Features and Outcomes 
 
 
Cross-shear wear mechanisms in UHMWPE are currently poorly understood.  
Multi-axis pin-on-disk wear testing was advanced through this research, and new 




2. 4 Phase 4: SC-CO2 MAX-Shear Wear Testing 
 
 






SC-CO2 sterilized UHMWPE has comparable friction and wear properties to 
clinically relevant forms of UHMWPE sterilization, and is a tribologically viable material 





With the patient and simulator data that was obtained in Phase 2 and 3, this 
dissertation developed a series of experimental protocols on the pin-on-disk machine to 
quantify the effect SC-CO2 sterilization on materials wear.  These data were compared 
with unsterilized and standard gamma irradiated UHMWPE specimens.  Pre and post 
testing analyses of the pin-on-disk wear surfaces (and the TKR wear surfaces from Phase 
5) investigated the effects (if any) of SC-CO2 sterilization on UHMWPE surface wear. 
 
2.4.3 Innovative Features and Outcomes 
 
 
There is currently very little published data on the effects of SC-CO2 sterilization 
on UHMWPE wear.  This data provided an invaluable resource and enabled the direct 
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2. 5 Phase 5: PHASE 5: SC-CO2 TKR Simulation 
 
 






SC-CO2 sterilized UHMWPE tibial inserts are tribologically comparable to 





Through a research collaboration with an industry orthopaedic partner this 
dissertation investigated the effects of SC-CO2 sterilization on the wear of TKR 
UHMWPE.  To do this, a set of clinically successful UHMWPE components was 
obtained for wear testing, and SC-CO2 sterilized UHMWPE TKR components were 
compared with that of the industry standard sterilization method. The results of the wear 
test included kinematic and kinetic design performance, wear rates and surface roughness 
analyses to determine changes (if any) in TKR performance between the two groups.  
The results were used to determine the clinical applicability of SC-CO2 sterilized 
UHMWPE for clinical applications in orthopaedic bearing components. 
 
 




To date, no data is available on the effects of SC-CO2 sterilization on the long 
term wear and tribology of UHMWPE tibial inserts.  This data allowed for a full-scale 





3 DISSERTATION RESEARCH PHASES 
 
The body of this dissertation is formatted to cover five key phases of research 
which are; 1) The evaluation of the clinical relevance of total knee replacement 
simulation wear testing through a direct comparison of patient and simulator TKR 
kinematics, 2) The quantification of TKR bearing kinematics during laboratory 
simulation, 3) The development of a pin-in-disk wear testing system for the simulation of 
complex cross-shear wear in novel bearing materials, 4) The pin-on-disk wear testing and 
materials evaluation of SC-CO2 sterilized UHMWPE, and 5) The full-scale TKR wear 
testing of SC-CO2 sterilized UHMWPE utilizing a force-controlled simulator.  Each of 
these 5 phases of research asserts a specific hypothesis in support of its research goal, 
upon which an experimental approach is developed and implemented in a format 
containing an abstract, preliminary studies (if needed), introduction, materials and 
methods, results and discussion.  These five research phases are then followed by a 
dissertation discussion, recommendations and references. The long-term objective of this 
work is to significantly improve the longevity of UHMWPE bearing materials through 
the investigation of total knee replacement (TKR) bearing tribology, simulation 
methodology and alternative sterilization techniques.  It is hoped that this research will 
encourage the expanded use of SC-CO2 sterilization processing for a greater range of 





3. 1 Phase 1: The Evaluation of the Clinical Relevance of Total Knee Replacement 





The TKR mechanics produced during force-controlled TKR wear testing 





In Phase 1 of this dissertation, we investigated the feasibility of approximating the 
total knee replacement (TKR) kinematics of patients utilizing simulator based 
experimental protocols.  To do this a direct comparison of patient and simulator TKR 
kinematic datasets was undertaken.  The need to critically evaluate the efficacy of current 
total knee replacement (TKR) wear testing methodologies is great.  Proposed 
international standards for TKR wear simulation have been drafted, yet their methods 
continue to be debated.  The “gold standard” to which all wear testing methodologies 
should be compared is measured in vivo TKR performance in patients.  The current study 
compared patient TKR kinematics from fluoroscopic analysis and simulator TKR 
kinematics from force-controlled wear testing to quantify similarities in clinical ranges of 
motion and contact bearing kinematics and to evaluate the proposed ISO force-controlled 
wear testing methodology.  The treadmill walking kinematics from eight well 
functioning, 13 month average post-op patients was compared to the 2 million cycle 
interval walking cycle kinematics from a force-controlled (Instron/Stanmore) knee 
simulator using identical implant designs (Natural Knee II, Standard Congruent, Zimmer, 
Warsaw, IN).  The in vivo and simulator data showed good agreement in kinematic 
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patterns and ranges of clinical motion.  Tribologically the datasets showed similar contact 
pathway ranges of motion and wear travel distances per cycle.  Surgical and simulator 
alignments of the implant systems were determined to be a contributing factor in 
observed kinematic differences.  The statistical findings of this study offer supporting 
evidence that the simulation of in vivo walking cycle wear kinematics can be statistically 





The laboratory study of total knee replacement (TKR) kinematic performance is 
frequently conducted using complex testing machines called knee simulators(7, 30-34).   
TKR simulations can investigate basic manipulations such as anterior/posterior drawer 
tests(35), or more complex functional loading activities such as walking(6) or stair-
descent(36).  The long-term use of these simulators enables the quantification of 
biomaterial wear rates over time(37, 38) by employing standardized duty cycles that are 
intended to approximate patient activity.  With any simulation however, the 
“physiologic” relevance of in vitro simulation must be critically evaluated to insure that 
simulators represent loading and displacements that are clinically relevant.  This is 
especially true in the area of wear research, where long-term wear simulations usually 
utilize only one or two functional activities to represent many years worth of in vivo 
activity.   
The “gold standard” to which all simulator testing methodologies should be 
compared is the measured performance of TKR systems in patients, although few 
detailed comparisons of in-vitro vs. in-vivo TKR performance have been performed to 
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date.  Patient TKR motion analysis often results in the incomplete capture of kinematic or 
kinetic data that are required to program TKR simulators(38).  Ironically, many of the 
patient TKR datasets utilized to program TKR simulators are based on non-TKR 
patients(39-42), thereby adding uncertainty to the in vivo relevance of TKR simulation 
methods.  Also, many TKR simulators are often unable to reproduce the kinematic or 
kinetic events that have been measured in vivo, especially for more vigorous temporal 
events(38).  Finally, differences in TKR design, surgical alignment, and experimental 
reference systems often hamper the generalized comparisons of “simulator” data and 
“patient” data between different studies.   
In lieu of direct performance comparisons between patient and simulation TKR 
data, secondary validation techniques are commonly employed to assess the efficacy of in 
vitro testing methods.   Implant retrievals from patients offer a wealth of information (43, 
44)  (e.g., wear modes, wear area, and wear volume) (45) and can be directly compared to 
simulator TKR wear for validation.  Unfortunately, there is usually little supporting 
performance data to suggest the types of activities, frequency of duty cycles, or severity 
of loading events seen by these retrievals.   Retrieval studies more often highlight 
deficiencies in the in vitro method, showing the extent to which in vitro simulation of a 
single functional activity often underestimates the area of implant damage that occurs 
during in vivo use(45).   
Polyethylene wear debris analysis can be used to assess the clinical relevance of 
in vitro simulation by asserting that the in vitro study should be able to reproduce the 
sizes and shapes of polyethylene wear debris that are produced in the patient.  Basic wear 
studies have however shown that wear debris morphology can be tailored through 
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selection of imposed tribological conditions, and that “physiologic” wear debris can be 
produced without the use of TKR components or multi-axial simulation(46, 47).  The 
comparison of patient wear debris as a result of many years of undocumented patient 
activity with that of single activity simulator wear test protocol is problematic.  In vitro 
simulation of any generalized duty cycle with clinically relevant tribological conditions 
could most likely produce wear debris that falls within the spectrum of retrieval wear 
debris from patients.     
Many simulator studies now utilize average ranges of patient TKR kinematics 
(anterior/posterior (A/P) displacements and/or internal/external (I/E) rotations) to develop 
displacement controlled testing methodologies.  These displacement control methods are 
able to investigate relationships between induced kinematic motions and resulting TKR 
wear for different designs.  The systematic addition, exclusion or exaggeration of A/P or 
I/E motions on TKR systems has shown that more motion (especially motions that 
produce cross-pathway sliding) usually produces more wear, and that in vivo wear rates 
can be approximated with appropriately selected kinematic inputs (48).  The “tuning” of 
TKR kinematics to produce in vivo wear rates can come at the expense of the TKR 
device itself however.  During simulation, induced displacements that are incompatible 
with the constraints of the implant design can cause aberrant TKR loading.  Motion 
replication therefore requires the evaluation of both the controlled displacements and 
resulting loading conditions to insure a clinically relevant testing simulation. 
Critical evaluation of the efficacy of current total knee replacement wear testing 
methodologies is needed.  TKR simulators are increasingly being utilized as industrial 
wear testing machines, owing to the discovery that multi-axial motions were needed to 
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better approximate UHMWPE wear rates (11, 49).  Proposed international standards for 
TKR wear simulation have been drafted (50, 51), yet their loading and displacement 
methodologies continue to be debated.  The current study compared two independent 
kinematic data sets (one from a force-controlled in vitro simulator study and one from an 
in vivo patient fluoroscopic study) that used identical TKR designs.  The primary goal of 
this study was to determine how accurately the proposed ISO force-controlled wear 
testing methodology mimics the kinematics that were seen a group of well functioning 
TKR patients.   This dissertation research also explored the kinematic measures relevant 
to in vivo and simulator testing and worked to develop kinematic variables that directly 
compare simulator and patient TKR performance.  
 
3.1.4 Materials and Methods 
 
3.1.4.1 In Vivo Data Collection   
 
All patients who were scheduled for their one year post–operative clinical visit (n=28) 
were solicited, and seven subjects with 8 PCL retaining TKRs of the same design 
(Natural Knee II, Standard Congruent, Zimmer, Warsaw, IN) participated in this IRB 
approved study (Good Samaritan Medical Center, West Palm Beach, Florida).  All 
patients had good to excellent (>70) HSS scores and all TKR procedures were performed 
by a single surgeon.  The subjects were on average, 75 years old (64-88 years), weighed 
72 kg (51-84 kg), were 167 cm tall (152-185 cm), and were 13 months post-op (11-15 
months). Lateral video fluoroscopy was used to record four complete TKR gait cycles at 
30 frames/sec during level treadmill walking at a self-selected speed.  Knee kinematics 
were determined using model based shape matching techniques to an accuracy of ±1° and 
±0.5 mm in the sagittal plane (52).  The clinical measures of femoral flexion, A/P tibial 
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displacement and I/E tibial rotation with respect to the femur were calculated for each 
patient during the walking cycle. The lowest points on the medial and lateral femoral 
condyles were tracked with respect to the tibial tray to estimate the A/P translation of 
tibio-femoral contact on the UHMWPE surface.  From this data, estimations of medial 
condyle contact (MCC) and lateral condyle contact (LCC) pathway were tracked over the 
walking cycle. 
 
3.1.4.2 Simulator Data Collection   
 
 At a different institution, four Natural Knee II standard congruent TKR 
systems (identical design to the in vivo study) were installed on a force-controlled knee 
joint simulator (figure 3.1.1) (Instron/Stanmore Knee Joint Simulator, Instron 
Corporation, Canton MA) according to the methods outlined by DesJardins et. al (6). 
 
 
Figure 3.1.1: Stanmore/Instron Knee Simulator With Associated Computer Interface. 
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The tibial inserts and baseplates were aligned in 0° A/P tilt, 0° varus/valgus tilt, 
and no I/E rotational offset with respect to the femoral flexion axis and axial compressive 
load was directed along the tibial component geometric center.  Utilizing a custom built 
femoral component alignment fixture (figure 3.1.2), the A/P, M/L and proximal/distal 
motions of the femoral condyles lowest points were mapped between 0° and 80° of 
femoral flexion.  The femoral component flexion/extension axis was then selected to 
minimize the proximal/distal translation (femoral surface “camming”) of the femoral 
bearing surfaces during flexion between 0-60 degrees according to DesJardins et. al (6).   
 
 
Figure 3.1.2: Custom built Alignment Fixtures For Femoral Component Alignment. 
 
The soft-tissue restraint systems of the simulator were configured to exert ±20 N/mm 
for displacements away from the neutral position, and ±0.28 Nm/degree for rotations 
away from the neutral position (6).  The force-controlled simulator was used to impart five 
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million walking cycles in accordance with the proposed international standards ISO-
14243(50), at 1 Hz utilizing 50% define bovine calf serum (HyClone, Logan, UT) with 2 
g/l sodium azide (Fisher Scientific: S227-100) at 37±2°C.   The 60 mL of lubricant in 
each testing chamber was changed every 100,000 cycles, and evaporative loss was 
replenished with deionized water during testing.  At 2 million cycles, the clinical motions 
and contact point kinematics from 13 complete gait cycles from each of the four implants 
were isolated and averaged for comparison with the in vivo data. 
To account for any temporal differences between treadmill and normal walking, 
both the simulator and fluoroscopic kinematic data were interpolated to a stance phase of 
gait between 0-68%, and a swing phase between 69-99% of a complete cycle.   For inter-
study clinical motion comparisons, measures of femoral flexion, femoral flexion angular 
velocity, global tibial I/E rotation and global tibial A/P displacement were calculated 
during the walking cycle. For tribological comparisons, MCC and LCC displacements, 
span and total contact pathway distances per cycle were calculated (figure 3.1.3).  Of note 
is the observation that global I/E rotation need not occur about a point coincident with the 
center of the insert, and that without this pivot-point data, the calculation of medial and 
lateral contact kinematics cannot occur.  Statistical comparisons were assessed using 




Figure 3.1.3: Graphical Depiction Of The Clinical And Tribological Measures Of TKR Performance 





 Despite having gathered a reasonably uniform group of arthroplasty patients, 
characteristic differences between subjects were observed.  Four knees (the “Active” 
group) exhibited a greater range of knee flexion/extension during treadmill gait, 
consistent with the simulator induced flexion angle profiles, while four other knees (the 
“Passive” group) exhibited more than 20 degrees of knee flexion at heel-strike and lacked 
a A/P displacement loading response (figure 3.1.4).  Knee flexion angles were 
significantly different between the Active and Passive groups (p<0.05) from 93%-6% of 
the gait cycle (late swing through early stance).  Although average knee flexion values at 
terminal stance and peak swing were not different between the two groups, distinct 
differences in knee flexion angular velocities between the two groups were indicative of 














showed that the Active patients were significantly younger than the Passive patients (70 























































Figure 3.1.4: Graphs Showing Individual TKR Flexion Angle And Velocity Data From The Active 
And Passive Patient Groups. 
 
The A/P locations of medial condyle contact were significantly more anterior in the 
Active group between 54%-68% of the gait cycle (mid-stance to toe-off, p<0.05, figure 
4.1.5), but the A/P location of lateral contact was not different between groups (p>0.05).  
Aside from these measures, no other statistical differences were observed between the 
two patient groups for all other kinematic spans and travel distances (p>0.05).   The 
inclusion of the both groups of data was however shown to increase the variability of the 
combined in vivo dataset.  For this reason, the four Active TKR datasets were isolated for 






















































Figure 3.1.5: Graphs Of Average Femoral Flexion Angle And Angular Velocity During The Walking 
Cycle. 
 
The in vivo and simulator data showed statistically similar kinematic patterns, 
ranges of motion, and total travel distance/cycle during walking.  Both sets of data 
exhibited I/E rotations about a center-to-lateral condyle pivot point (Figure 3.1.6), with 
no statistical differences found between average centers of rotation located 2.3±2.8mm 
and 7.2±2.5mm lateral to the tibial center (in vivo and simulator respectively, p=0.074).  
In Figure 3.1.6, white circles denote the lowest-femoral surface contact estimations at 
neutral alignment.  Average patient (black circle with error bars) and simulator (white 
square with error bars) I/E rotational pivot points are shown.  The wear track and 
locations of the pivot points illustrate the lateral condyle pivoting nature of this TKR 
design.  Surgical alignment records indicated a 6° to 8° external rotational alignment of 
the femoral component with respect to the M/L midline of the asymmetric tibial 
component.  This surgical alignment bias could be seen in the in vivo contact kinematics 
causing in vivo MCC to occur on the anterior half of the tibial insert, and LCC to occur 
on the posterior half (figure 3.1.7).  The simulator TKRs were aligned in neutral rotation, 
with MCC and LCC remaining centered around the tibial M/L midline during motion.  
This allowed the simulator TKRs a slightly greater IE rotational span during stance than 
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in vivo.  Even with this rotational alignment difference, the kinematic trends of the two 
groups were similar, with 100%, 48%, 68%, 33%, and 87% of the gait cycle kinematic 
magnitudes showing no statistical difference for flexion angle, global IE rotation, global 
tibial AP translation, MCC and LCC respectively.   
 
 
Figure 3.1.6: Tracing Of The NKII TKR Insert Showing A Representative Shading Of The Simulator 
Wear Pattern At 5 Million Cycles And Average Pivot Point Locations During ISO-14243 Gait. 
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Figure 3.1.7: Graphs Of Tibial Motion Measures Of Global A/P Displacement And Global I/E 
Rotation, And Tribological Measures Of Medial And Lateral Condylar Contact Were Over The 
Walking Cycle. 
 
Based on the observation that the in vivo kinematic data showed kinematic trends 
that were characteristic of the 6° to 8° surgical external rotational alignment of the femur, 
a computational analysis was conducted to explore the relationship between rotational 
alignment and kinematic trends.  Using the calculated average center of implant rotation 
during testing as a pivot point for each implant, the in vitro simulator data was offset by 
6° after which all kinematic measures were recalculated over the gait cycle.  With this 
calculated offset, the IE rotational kinematics shifted externally, with the lateral pivoting 
nature of the implant causing the MCC locations shift posteriorly to a greater extent than 
the LCC locations shifted anteriorly.  These trends produced increased agreement 




Active vs. Sim p<0.05
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alignment offset, the kinematic trends of the two groups increased in similarity, with 
100%, 100%, 86%, 87%, and 93% of the gait cycle kinematic magnitudes showing no 
statistical difference for flexion angle, IE rotation, global tibial AP translation, MCC and 
LCC respectively.   
The computed measures of angular and linear travel per cycle (table 3.1.1) were 
used as a measure of the kinematic potential for wear in the TKR system.  These data 
show that there was no statistical difference detected between in vivo and simulator wear-
related kinematics for the measures of travel distances per cycle and kinematic spans of 
this travel (except for LCC in both measures, p<0.05). 
 
Table 3.1.1: Data For Patient And Simulator TKR Kinematic Travel And Span Per Cycle. (*= 











The results of this study concentrate on the “Active” patient sub-group for 
comparison with the simulator data for two experimental reasons.  First, this younger 
“Active” patient group exhibited faster cadences during gait and greater knee extension 
during the late swing and early stance phases of gait, which were both more characteristic 
of the ISO simulator testing standard.  These active patients therefore better reflected the 
temporal conditions (1 Hz) under which the TKR simulation was conducted (50, 51), and 
the experimental subjects from whom the ISO simulation standards are derived (namely 
Avg. (±1 SD) In Vivo Simulator In Vivo Simulator 
 Travel/cycle Span/cycle 
Flexion (deg.) 136.5 (±7.5) 130.0 (±1.0) 59.9 (±4.7) 55.1 (±0.1) 
IE Rot. (deg.) 18.8 (±3.4) 18.5 (±1.9) 7.2 (±1.7)  7.7 (±0.5) 
Global AP (mm) 19.3 (±4.8) 13.5 (±2.1) 6.6 (±1.7) 3.9 (±0.7) 
MCC (mm) 20.8 (±7.2) 21.2 (±2.6) 7.4 (±3.4) 7.3 (±0.9) 
LCC (mm) 21.1 (±3.3) 10.2 (±2.3)* 6.5 (±1.5) 2.9 (±0.8)* 
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younger, surgically intact patients(40)).  Second, although this sub-grouping of the in vivo 
data lowered the sample size, it actually increased the statistical relevance of the study, as 
the inclusion of all of the patients only served to increase the standard deviations of the in 
vivo data set without significantly changing the averages of the reported kinematic 
measures.  With the exception of femoral flexion ranges of motion, no statistical 
differences were found between the two patient groups for any of the AP or IE kinematic 
spans or travel distances (p>0.05).    By concentrating on the “Active” patients and 
decreasing the standard deviation of the in vivo dataset, a clearer discussion of the 
kinematic trends and magnitudes between patient and simulator datasets was possible 
without sacrificing the ability to distinguish between active patients and those of lesser 
mobility.  
A large number of studies on the kinematics of TKR devices in patients (52-59) 
have now been reported with the goal of more accurately describing the in vivo 
performance of these implant systems.  Simulation studies use this in vivo kinematic data 
when developing clinically relevant loading and displacement waveforms for use in wear 
testing simulations.  Unfortunately, it is often difficult or impossible to extract the 
kinematic data necessary to design simulator studies, especially if only general 
descriptors of TKR kinematic function such, as AP displacement and IE rotation of the 
implant, are reported during activity.  While clinical ranges of motion are important 
indicators of implant function, it is difficult to estimate the contact pathway kinematic 
measures from clinical ranges of motion, especially without a complete description of the 
implant geometry or without a thorough description of the kinematic coordinate systems 
upon which the global ranges of motion are based.   
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This study shows good agreement between the patient and simulator global AP 
displacement and IE rotations trends.  These measures could not however have been used 
to predict the trends noted in the medial and lateral condylar contacts, especially if no 
estimations of general I/E pivot locations could have been determined.  Pivot 
characteristics are a fundamental performance characteristic of TKR systems and should 
be reported to provide additional insight into the function of TKR systems during specific 
activities.  These pivot descriptors can also serve as tools in the alignment and operation 
of in vitro TKR wear simulations.  This confirms the importance of including not only 
AP and IE ranges of motion, but also contact motion and pivot estimations, both during 
patient(60) and in vitro(13, 61) TKR kinematic studies.      
For the bearing sliding parameters of condylar contact travel and span, statistical 
differences between the patient and simulator datasets were only observed for the lateral 
condyle.  The observed simulator LCC span was small, as the pivot point was located 
further laterally than the patient dataset.  The more centric patient pivot point produced 
greater LCC motions, with the surgical rotational offset of the TKR system causing the 
LCC location to be further posterior than the simulator placement.  The ranges of A/P and 
MCC span averages were larger for the in vivo data, although so were the standard 
deviations of these measures.  Good agreement in the travel distances of these measures 
offers supporting evidence that the in vitro simulation is providing appropriate 
tribological conditions for the simulation of the in vivo kinematic condition during 
walking. 
There is good agreement in the active patient and simulator flexion/extension 
trends during the stance and early swing phases of the gait cycle.  Flexion-extension 
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bearing motion during load-bearing stance is a primary contributor to cyclic sliding, a 
dominant contributor to the increased potential for wear.  The reduced range of femoral 
extension in the Passive group affects the angular velocity of the femoral component and 
thus sliding velocity of the bearing contact (62).   Follow-up retrieval analyses from 
patients who exhibit such characteristic differences in femoral flexion behavior would be 
of interest.  Such long-term studies would allow a direct comparison of the long-term 
wear rates and measured in vivo kinematics between implant groups such as those 
measured here, and could also be directly compared to the wear rates produced during in 
vitro simulation.    
Significant deviation was observed during late swing between the in vivo and 
simulator A/P motion datasets.  During force-controlled simulation, simulated soft tissue 
constraints are centered around the neutral position (0 mm A/P displacement, 0 degrees 
I/E rotation) which promotes the return of the tibial to neutral displacement.  During 
simulation of late swing, A/P force, I/E torque and axial force approach zero, and the 
femoral/tibial geometric conformity increases with decreasing flexion angle.  Clinically, 
tibial trays are often implanted with a posterior slope(63), which could geometrically bias 
the tibial tray towards anterior motion.  Net quadriceps activation during late swing tibial 
extension could tend to cause anterior motion of the tibia.  Residual flexor muscle 
contraction during swing as a result of hesitant or pensive swing gait in anticipation of 
heel strike might cause net posterior motion of the tibia however.  The Passive in vivo 
dataset exhibited late swing posterior tibial displacement more so than the Active patients 
and could possibly be associated with the observation of residual flexion of the knee 
during heel strike.   
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Many TKR simulation studies have investigated the effects of A/P displacement 
and I/E rotation magnitudes on resulting wear rates over time(12, 48, 64, 65), with an overall 
consensus that the inclusion of greater kinematic magnitudes will increase the wear rate 
of a TKR system.  Although this type of gliding motion (whereby the tibia slips 
underneath the femur as a result of applied shear forces) is an important component of 
overall TKR function, it has been noted that sliding as a result of femoral 
flexion/extension is the dominant contributor of TKR surface sliding during the gait cycle 
(14).  This study shows that different populations of healthy TKR patients can possess 
significant differences in TKR femoral flexion during gait.  It would therefore be of great 
experimental interest to investigate the effects of significant changes in flexion angle 
magnitude on the resulting TKR wear rates over time.  And although much of the current 
wear testing literature is currently concentrating on “enhanced” or “accelerated” wear 
testing methodologies for the replication of in vivo wear, serious consideration should 
also be given to the replication of “reduced” or “symptomatic” gait patterns that better 
mimic the aging or functionally limited population.  This type of “reduced” duty cycle 
simulation might after all better reflect a majority of elderly patients who currently 
undergo TKR procedures.   
The surgical rotational alignment of the in vivo and simulator components was 
hypothesized to be a primary variable affecting the in vivo and simulator comparison.  
Surgeons routinely place TKR components in differing degrees of alignment, and there 
are often manufacturers guidelines for such alignments of different implant designs.  
During TKR simulation, imposed or unintentional TKR alignments can alter implant 
kinematics which could not only lead to changes in implant kinematics, but ultimately to 
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changes in reported implant wear and longevity.  As such, simulator studies should 
attempt to mimic surgical alignments, and should record these conditions during the 
discussion of simulation methodology.  In this study the “neutral” rotational alignment of 
the femoral/tibial component during simulation produced an internal/external rotational 
offset from that of the patient data.  This surgical offset in-vivo could tend to reduce the 
I/E rotational range of motion in the TKR as surrounding soft tissue structures in the knee 
attempt to compensate for this offset (66).  Although a simple rotational offset during TKR 
simulation would produce the same initial alignment, the simulation of this condition 
would also require an associated interaction of the surrounding soft tissues to restrict the 
subsequent motion as in the in vivo case.  This secondary soft tissue involvement could 
fortunately be studied using existing “simulated soft tissue constraints” on force-
controlled simulators (35). 
The statistical findings of this study offer supporting evidence that the simulation 
of in vivo walking cycle kinematics can currently be achieved with a force controlled 
testing methodology.  Only small differences were observed between patient and 
simulator kinematic magnitudes and trends during the walking cycle.  Experimentally, 
the simulator loading waveforms could easily be tuned to produce near-identical 
kinematic ranges of motion to the average in vivo kinematic data, or to each specific 
patient for that matter.  Such patient specific waveforms would be experimentally 
intriguing, and given the opportunity for retrieval of the TKR in such patients, might 
offer the chance to make direct comparisons between in vivo and in vitro wear 
mechanisms.  Ultimately however, a “generic” wear testing profile should attempt to 
maximize its applicability to the greatest number of implant designs, with the overall goal 
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of characterizing how different implant designs affect the kinematics of patients and thus 
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3. 2 Phase 2: The Quantification of Complex Total Knee Replacement (TKR) Bearing 





TKR simulation on a force-controlled simulator induces complex cross shear motions 




Chapter 2 of this dissertation details the development and implantation of an 
advanced kinematic performance analysis on a clinically successful TKR design (the 
Wright Medical Technology Advance® Knee System, Medial-Pivot Knee, with the 
Duramer® ultra high molecular weight polyethylene (UHMWPE) tibial bearing surface).  
This kinematic analysis was performed on a kinematic data set that was collected as part 
of a full-scale TKR simulator wear testing contract between Wright Medical 
Technologies, Inc. and Clemson University.  This wear test was conducted over a 3 
month period between October 1999 and January 2000, and utilized the proposed ISO 
14243-1 load control standard for the simulation of prosthetic wear.  A physiologic 
walking cycle was simulated at 1Hz to 5 million cycles using the Instron/Stanmore Knee 
Joint Simulator (Centre for Biomedical Engineering, Middlesex, UK/Instron, Canton, 
MA).  For clarity, a summary of this wear study is included in this section of the 
dissertation. 
The advanced kinematic analysis was conducted on an average data set taken at 2 
million cycles of wear.  This kinematic data set was representative of the kinematics that 
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were observed throughout the 5 million cycles of wear testing.  Normally, the basic 
kinematic measures of global anterior/posterior displacement and global internal/external 
rotation are the only kinematic quantities reported in the results a simulator wear study.  
While these basic measures are sufficient to describe the motion of the TKR, the 
advanced kinematic analysis expands on this data set to yield measures of implant 
performance that are of specific interest to implant design engineers and biomaterials 
tribologists. 
Through the incorporation of complete wear testing data sets and carefully 
measured implant geometric alignment data, advanced kinematic data transformations 
were employed to thoroughly investigate the contact kinematics of the bearing surfaces. 
Each of these analyses is more thoroughly described in the body of this chapter and 
include the following: 
 
1) The estimation of the femoral/tibial contact pathway over time for both condyles, 
including the calculation of the pathway span and pathway distance 
traveled per cycle. 
2) The estimation of Hertzian contact areas at the minimum and maximum ranges 
of motion to visualize the contact wear area ranges of motion over time. 
 3) The estimation of the contact pathway velocity over time for both condyles.  
4) The calculation of the center of tibial rotation with respect to the tibial geometry 
over time (which would determine where the center of the pivot location is 
over time). 
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5) The calculation of the experimental femoral flexion axis used during testing, and 
the motion of the resulting femoral articulating contact point during testing 
for both the lateral and medial condyle. 
6) The calculation of the contribution that each of the motions of the femur and tibia 
have to total pathway motion for both the lateral and medial condyle. 
7) The estimation of the relative femoral/tibial surface contact sliding velocity over 
time for both condyles (the wear rate velocity) 
8) The estimation of the areas of contact rolling vs. contact sliding over time for 
both condyles 
 
 Following these analyses, the experimental assumptions that were utilized 
to generate much of the data are challenged, and a second series of advanced kinematic 
analyses are conducted to further elaborate upon the quantification of complex bearing 
kinematics during TKR simulation.   All data and methods contained within this chapter 
were included in an industry report to Wright Medical Technology (Arlington, TN) in 
partial fulfillment of a funded industrial contract.   Permission for its dissemination in this 
dissertation was obtained through Michael Carroll (Director, Implant Technology, 
10/19/06).  Ultimately, the experimental methods and data generated in this chapter will 
be utilized as experimental parameters from which the design and construction of a multi-







Over the last ten years the field of biomaterials has shown significant interest in 
the development and utilization of wear testing methodologies that attempt to provide a 
more “physiologic” loading and motion environment for the assessment of biomaterials 
wear.  Recently, multi directional pin-on-disk research has shown that polymeric 
materials subjected to multi-directional shearing motions attain a higher wear rate than 
uni-directional wear testing(10).  New empirical and experimental theories involving 
multi-directional shearing motions known as “cross-shear” have been developed in an 
attempt to recreate the more complex wear mechanisms that have been seen in high 
molecular weight polymers used in biomedical devices(11).  This is particularly true in the 
knee joint where it has been recently shown that significant cross motion pathways on the 
articular surface are a regular occurrence during simple activities such as walking(16, 67).  
It is believed that if the kinematics and kinetics of the in vivo system can be recreated, 
than the wear of the in vivo system will also be recreated. This theory has hastened the 
push for new testing methods for materials and devices that incorporate more complex 
kinematic pathways and loading waveforms.   
Today, “simulators” are commonly used to approximate the in vivo conditions 
(whether environmental, kinematic and/or the kinetic) on a TJR.   Early TJR simulators 
were constructed from modified uni-axial materials testing platforms(68, 69).  These 
simulators attempted to include as many degrees of freedom as possible and applied a 
variety of quasi-static loading protocols to recreate discrete in vivo conditions.  They 
were used to elucidate the function of implants based on an implants design and sought to 
characterize an implant function through measures of implant constraint, conformity, 
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range of motion and implant geometry(50, 70).  This was done using tedious incremental 
multi-axis manipulation, with all measures of loading and displacement being reported 
for clarity.  Few of these studies were able to sustain the demands of repeated multi-
million cycle wear testing.  However, it is important to note that this was not the intention 
of these early simulators to begin with.   These studies were specifically conducted to 
elucidate implant design performance and were able to offer guidelines on implant design 
development(50, 70).   
The terminology that has been developed for TJR simulation has been derived 
from a melding of clinical and mechanical terms.  Although this loading and kinematic 
terminology is often the source of methological scrutiny or ambiguity, it is commonly 
accepted that the knee joint is a highly mobile 6 degree of freedom system.  The six 
kinetic and six kinematic terms commonly associated with the global mechanics of the 












Table 3.2.1: The Six Kinetic And Six Kinematic Terms Commonly Associated With The Global 
Mechanics Of The Knee Joint Patient. 
 
THE SIX KINETIC MEASURES OF THE KNEE JOINT 
(with respect to the fixed femur) 
Tibial Axial (Compressive/Distractive) Loading 
Tibial Anterior/Posterior Shear Force 
Tibial Medial/Lateral Shear Force 
Tibial Flexion/Extension Torque 
Tibial Varus/Valgus Torque 
Tibial (Internal/External) Axial Torque 
 
THE SIX KINEMATIC MEASURES OF THE KNEE JOINT 
(with respect to the fixed femur) 
Tibial (Proximal/Distal) Axial Displacement 
Tibial Anterior/Posterior Displacement 
Tibial Medial/Lateral Displacement 
Tibial Flexion/Extension Rotation 
Tibial Varus/Valgus Rotation 
Tibial (Internal/External) Axial Rotation 
 
In the early 1990’s total knee replacement simulators began to increase in 
sophistication.  Automation of these multi-axis systems allowed researchers to conduct 
longer term wear studies for the first time.  Studies using these simulators reported 
significant increases in wear rates compared to simple reciprocating pin-on disk studies, 
and actually were partially responsible for the popularization of the cross shear theory of 
implant wear(8, 10, 11, 32, 71, 72).  Through the use of multi-axis motion or loading, 
researchers were able to show that these “simulators” produced more wear than simple 
reciprocating pin-on-disk studies.  Because of this popular comparison, the use of basic 
pin-on-disk wear testing for biomaterials wear testing began to fall out of favor.  
Conversely, the use of total joint simulators in biomaterials wear research has 
significantly increased in the past decade, partially due to the higher availability and 
lower cost of the machines, but also due to the increased glamour, sophistication, and 
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marketability of the testing results that come from such simulator tests.   Total knee 
replacement simulators are excellent elucidators of implant function, as they are able to 
study the function of complete implants as opposed to a simple piece of raw material.  
Most modern total knee replacement simulators are able to monitor both the clinical 
kinematics and kinetics of the specimen while studying a multitude of surgical 






















Figure 3.2.1: Motions Of The Tibial With Respect To The Fixed Femur. 




Unfortunately, as simulators have increased in popularity, there prolific use has 
led to a reduction in wear testing materials and methods accountability.  Today, many 
simulator studies have discarded the complexities of reporting clinical measures of 
implant function and are now used solely to quantify the wear rate of the implant 
materials over time.  Although the measure of wear rate from total joint simulation 
should not be minimized, its quantity is a direct result of a sophisticated kinematic 
process.  This kinematic dependency should continue to have its methodological 
grounding firmly rooted to the classic pin-on-disk testing methodologies whose 
kinematics were succinctly and completely reported 20 years before.  Herein lies a 
problem in simulation methodology. 
Current simulator wear testing methodologies have been developed and modified 
from historical implant functional assessments, most of which were not interested in wear 
in the first place.  Modern simulator testing standards that are intended to quantify 
implant wear are embroiled with the specifics and methodology of implant functional 
performance criteria that were originally developed for knee joint simulation, not wear 
testing.  These standards detail clinical measures of load and motion that were intended 
for clinical studies of implant function, which in reality have very little application to the 
quantification and elucidation of wear.  Current guidelines give little, if any directives to 
describe or quantify the basic kinematic and kinetic measures that actually produce 
wear(50, 70).  The field of total knee joint replacement wear testing simulation faces a 
problem.  It is currently impossible for the scientific community to understand the 
tribological processes that are dictating the wear of implant materials, because few, of 
any of the tribological measures that produce surface wear are being quantified. 
 49
A pin on disk test reports the displacement pathway, velocities and load that were 
used to produce wear.  Most simulator studies fall short of even beginning to quantifying 
the basic sliding velocities and displacement pathways of wear testing, and many 
simulator studies fail to even report the basic loading that was seen as a result of 
kinematic motion (and visa versa) during testing.  This type in unaccountability has led to 
a proliferation of highly publishable reports of implant wear testing, with little ability for 
the scientific community be able to put this wear testing information to wider use outside 
of specific implant tested. 
These broad-based methodological shortcomings that have crept into simulator 
wear testing have led to many unforeseen consequences.  First, the reproducibility of 
many simulator wear tests has been called into question as researchers attempt to 
reproduce published studies and arrive at different wear results.  Although the differences 
in findings may simply be a result of variations in kinematic or kinetic variables, there is 
often too little methodological description to account for observed differences.  Few 
would argue that two pin-on-disk tests that use different displacement pathways and 
different velocities would produce different wear results.  Yet differences in simulator 
wear testing results are often blamed on inter-institutional and inter-simulator variability, 
and not on basic differences in wear testing methodology. 
Second, the consistent failure to accurately and thoroughly report basic measures 
of kinematics and kinetics during simulator wear testing has let to the complete inability 
to compare simulation wear testing results to classical pin-on-disk data.  There exists a 
wealth of historical pin-on-disk wear data from which theoretical and clinical 
extrapolations could be derived if existing simulator wear studies were to adopt 
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methodologies that were more fluent with classical tribological methodologies.  Without 
such methodological data for comparison, much of the biotribology research of the last 
30 years is lost, and future simulator wear research is burdened with the task of repeating 
wear studies that in reality are perhaps better suited for basic bench-top testing to begin 
with.   
Finally, it seems evident from the literature of the last 5 years that the popularity 
of simulator testing has pushed pin-on-disk testing out of general use, almost to the point 
of invalidating pin-on-disk testing as a sound tribological methodology for the evaluation 
of biomaterials.  Although there is agreement that different amounts and modes of wear 
are produced between linear reciprocating pin-on-disk wear testing and complex pathway 
simulation, the field of biomaterials is in danger of stigmatizing all forms of pin-on-disk 
wear testing (even the modern forms of cross-shear wear testing) simply because it has 
not be conducted on a “physiologic wear testing simulator”. 
The current field of total knee wear testing simulation faces a daunting task.  
Without conscious intention total knee replacement simulation has turned into total knee 
replacement wear simulation.  Total joint simulation was originally intended to study 
how a multitude of surgical, patient, and design variables affected the performance of 
new and existing implant systems.  Recent literature evidences the fact that many total 
knee replacement wear simulation studies now give little attention to the measures of 
simulation and concentrate almost solely on measures of wear.  As a consequence, the 
afore mentioned multitude of surgical, patient, and design variables that were originally 
assessed and detailed, have become unreported variables in the wear testing study and 
have clouded the ability to actually assess biomaterial wear.   This has become such a 
 51
problem, that many published reports of simulator “wear” tests now fail to even report 
the minimum experimental variables necessary to understand, let alone reproduce the 
wear test in the laboratory.  Simulation has become a “black box” of wear testing. 
The field of biomaterials wear simulation needs to begin the careful re-
development of accountable methodologies from which future work can be based.  These 
analysis methodologies must begin with classical measures of clinical simulation and 
then advance into tribological measures that are grounded in the terminology of basic 
pin-on-disk wear testing whereby the reproducibility of results can be more readily 
attained.  This is not to say that the idea of wear testing simulation is flawed, only that its 
analysis and reporting methodologies must be further developed and researched.  Only 
then can the basic measures of implant wear from simulation be held accountable to the 
field of wear testing. 
The current study begins this process of accountability, with initial analysis of a 
TKR simulator wear test, followed by the development of kinematic and kinetic analyses 
that are intended to enhance the understanding of the bearing mechanics and tribological 
variables that drive the wear process.   The “standard” kinematic measures of global 
anterior/posterior displacement and global internal/external rotation are leveraged and 
combined with custom measured implant geometric and alignment data to more 
thoroughly investigate the contact kinematics of the bearing surfaces.  It is hoped that the 
results from this advanced kinematic analysis will, 1) allow implant designers and 
manufactures to more fully comprehend the relationship between implant design and 
motion and, 2) to enable biomaterials tribologists to develop more representative wear 
testing parameters from which performance of novel materials can be assessed. 
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3.2.4 Previous Wear Testing Summary 
 
The Stanmore Knee Joint Simulator (Centre for Biomedical Engineering, 
Middlesex, UK) was used to assess the wear characteristics of the Advance® Duramer® 
Medial-Pivot System.  Four femoral/tibial systems are installed in the simulator and 
aligned according to manufacturers specifications.  The test was conducted at 37°C, and a 
50% bovine serum solution with 0.2%NaN3 was used as a lubricant and changed every 
100,000 cycles.  The implants were subjected to a physiologic walking cycle at 1 Hz 
based on the proposed ISO wear testing standard 14243-1.  At every 1 million cycles the 
kinetic and kinematic performance of the implants and simulator were assessed, and the 
implants were removed for weight loss and surface topographic analysis.  Final analyses 
at 5 million cycles included SEM and FTIR of the implant surface. 
Results from this wear study showed that the forces applied to the four knees were 
consistent from station to station and throughout testing.  The implant kinetics changed 
very little during testing, and the implant kinematics changed very little after an initial 
wear-in period between 0 and 1 million cycles. Weight change data showed an average 
loss of 27.90 (±4.29) mg/106 cycles between 0 and 5 million cycles for the Advance® 
Duramer® Medial-Pivot tibial bearings, ranging from a loss of 20.83 (±4.53) mg/106 
cycles between 1 and 2 million cycles to 41.51 (±6.80) mg/106 cycles between 4 and 5 
million cycles.  All four specimens showed consistent weight loss measures throughout 





3.2.4.1 Summary of Wear Testing Loading Inputs 
 
Figures 3.2.2 and 3.2.3 show the measured loading and flexion angle waveforms 
that were applied to the specimens during wear testing.  These data were collected at 2 
million cycles, just before the components were removed for analysis, and averaged over 
a least 10 cycles. 
 SIMULATOR AXIAL AND FLEXION INPUTS
Data File Details Data Processing Details
RawFile WrightMedical46.txt Wright Medical 2 5 950 Million Averaged from 13 cycles.
Date: 20-Nov-99 With an average Period of 1 seconds.
Time: 10:04 Calibration File: KC5.txt
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Figure 3.2.2: Axial Force And Flexion Angle Inputs For The Walking Cycle At 2 Million Cycles Of 
Wear. 
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SIMULATOR A/P & I/E INPUTS
Data File Details Data Processing Details
RawFile WrightMedical46.txt Wright Medical 2 5 950 Million Averaged from 13 cycles.
Date: 20-Nov-99 With an average Period of 1 seconds.
Time: 10:04 Calibration File: KC5.txt
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Figure 3.2.3: Anterior/Posterior Force And Internal/External Torque Inputs For The Walking Cycle 
At 2 Million Cycles Of Wear. 
 
3.2.4.2 Summary of Global Implant Kinematics During Wear Testing 
 
 
 The input loading protocols shown above caused the implants to follow a 
kinematic pathway during the gait cycle.  Figure 3.2.4 shows the global anterior/posterior 
displacement and global internal/external rotation of the specimens during wear testing.  
These data were collected at 2 million cycles, just before the components were removed 
for analysis, and averaged over a least 10 cycles. 
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IMPLANT KINEMATICS
Data File Details Data Processing Details
RawFile WrightMedical46.txt Wright Medical 2 5 950 Million Averaged from 13 cycles.
Date: 20-Nov-99 With an average Period of 1 seconds.
Time: 10:04 Calibration File: KC5.txt
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Figure 3.2.4: Anterior/Posterior Tibial Displacements And Internal/External Tibial Rotations 
Measured For The Walking Cycle At 2 Million Cycles Of Wear. 
 
3.2.4.3 Summary of Weight Loss Measures During Wear Testing 
 
 
These loads and kinematics caused the implants to wear.  The normalized weight 
loss values for the tibial bearings are shown in figure 3.2.5 below.  
 





























Figure 3.2.5: Normalized Weight Loss Over 5 Million Cycles 
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3.2.4.4 Wear Testing Data Conclusions 
 
The wear test results that are summarized above represent the foundation from 
which the advanced kinematic analysis is based.  The global kinematics that are presented 
above were produced as a result of the input loads and flexion angle waveforms that are 
presented here.  These kinematic data are specific to the simulation of a walking cycle 
during wear testing.  All simulator performance measures recorded and analyzed during 
this wear test indicate that the kinematic data that will be used in the advanced kinematic 
analysis are both an accurate and fair representation of a typical kinematic pattern for this 
total knee replacement design.  
 
3.2.5 Materials and Methods (Primary Analysis) 
 
The wear test results that are summarized in the previous section represent the 
foundation from which the advanced kinematic analysis is based.  The global kinematics 
that are presented above were produced as a result of the input loads and flexion angle 
waveforms that are presented here and in the formal detailed wear testing report.  These 
kinematic data are specific to the simulation of a walking cycle during wear testing. The 
advanced kinematic analysis will be conducted on the average data set taken at 2 million 
cycles of wear.  This kinematic data set is representative of the kinematics that were 
observed throughout the 5 million cycles of wear testing. 
The advanced kinematic analysis that follows is grounded in rigid body kinematic 
theory.   The simulator records the motion of two discrete points on the tibial component, 
and the angular displacement of the femoral component about one fixed axis.  Alone, 
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these three measurements allow for the calculation of the global angular rotation 
(flexion), global anterior/posterior displacement and global internal/external rotation.  
With the addition of three-dimensional rigid body digitization of the bearing surfaces and 
CAD measurements however, the kinematics of every discrete point on the bearing 
surface can be estimated at any time in the gait cycle.  By mapping these surfaces over 
time, and correlating the position of the femoral geometry to that of the tibial geometry, 
an estimation of the bearing surface contact location over time can be determined.  After 
the calculation of this contact location data set, secondary analyses are used to determine 
advanced kinematic parameters such as contact velocity over time, the contribution of 
rolling and/or sliding to global kinematic motion, and the instantaneous location of 
medial and lateral pivot for specific implant designs.  These advanced phenomena are 
discussed more in depth in the following sections and the results are presented for each of 
these measures.  
 
3.2.5.1 Contact Pathway Analysis 
 
 
The elucidation of the contact locations over time between the femoral and tibial 
components is fundamental to the understanding of wear simulation and implant design 
performance.  Most often this type of understanding is only generally approximated 
through the visual examination of the wear track produced during the wear test or 
following implant retrieval.  While these visual examinations provide important estimates 
of global femoral/tibial bearing articulation, they are not able to provide even the most 
basic estimates of how these wear patterns were produced, when they were produced, or 
by what means they were produced.  All that is known through visual examination is that 
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the femoral component articulated against the tibial bearing surface, and that its range of 
motion produced the observed wear track.  By quantifying the contact locations over time 
between the femoral and tibial component, every kinematic variable associated with the 
production of the wear track over time can be determined and used to understand how, 















Figure 3.2.6: Graphical Representation Of The Measures Of Contact Point Location Over Time, 
Contact Span Per Cycle, And Contact Travel Distance Per Cycle. 
 
 While global kinematic measurement (A/P displacement and I/E rotation) 
is an important step towards the complete understanding of implant kinematics, it is 
unfortunately often used incorrectly as an estimate of actual contact kinematics.  Global 
kinematics are usually calculated with respect to a fixed reference point or axis of 
rotation.  Most often however, investigators fail to report the reference measures, making 
it impossible to compare a kinematic data set from one study to that of another or 
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between implant designs.  Through the calculation of contact kinematics, the burden of a 
complex reference system transformation is alleviated.  The contact kinematic values 
reported are the actual estimates of the location of femoral bearing surface contact on the 
tibial bearing surface.  All kinematic measures of femoral flexion, tibial rotation and 
tibial displacement are consolidated into one comprehensive measure that is both simple 
to understand and simple to visualize.  The results of this analysis are most strikingly 
displayed by overlaying the X-Y contact point pathway onto the actual tibial implant 
wear track (figure 3.2.6).  This allows the investigator to understand first hand how, when 
and where the visualized wear was produced during testing.  Figure 3.2.6 is shown here 
only as a reference for the types of measures that are to be reported.   The actual 
measures of the contact pathway are often times far more complex than this graphic, as 
we will see in the results section that follows. 
 The medial and lateral contact pathways were calculated using an 
instantaneous center of axial rotation iteration methodology at a step frequency of 100Hz.  
This methodology utilizes the changes in the raw tibial cup displacement data to track the 
change in locations of fixed points on the medial and lateral tibial insert surface over 
time.  The fixed points of interest in this investigation are the neutral position contact 
locations between the tibial and femur at the start of testing.  We term these the neutral 
position contact points.  These points were determined at the start of wear testing and 
represent the contact locations between the tibial and femoral surface at zero degrees of 
femoral flexion, zero degrees of internal/external tibial rotation and zero millimeters of 
anterior/posterior displacement.  From the CAD drawings supplied by Wright Medical 
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Technology, the locations of these neutral position contact points with respect to the tibia 
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Figure 3.2.7: Schematic of Neutral Position Contact Points With Respect To The Tibial Surface 
Geometry. 
 
The raw tibial cup displacement data was first smoothed with a 30th order 
polynomial.  This gait cycle data was then divided into 100 equal parts.  Each 
displacement interval was then used to calculate the instantaneous displacement of both 
the medial and lateral neutral position points for that interval.  This instantaneous 
displacement contains both an X (medial-lateral) and a Y (anterior-posterior) component.  
These instantaneous displacements are then summed over the gait cycle in both the X and 
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Y directions to attain a complete contact pathway mapping of the neutral position contact 
points over time. 
Similarly, the instantaneous displacement of the lowest point on the femur over 
time (which for this study was very small in the A/P direction, and zero in the M/L 
direction) was calculated and transformed so that it could be mapped onto the tibial 
surface as well.  Contact point data for the femoral surface was collected utilizing a 
custom built femoral component alignment fixture (figure 3.2.8). This fixture allowed the 
measurement of the A/P, M/L and proximal/distal motions of the femoral condyles 
lowest points between 0° and 80° of femoral flexion.  These femoral motions we are then 
added to the results of the tibial pathway motions to attain a final mapping of the location 
of the instantaneous contact point between the femur and the tibial with respect the tibial 
surface.   
To gain an understanding of the basic pathway measures, we can first visualize 
these results in linear graph form.  Figure 3.2.9a shows the X (M/L) and Y (A/P) 
displacements of all four specimens over time during the gait cycle.  We can see that the 
A/P displacements of the lateral condyle are far greater than those of the medial condyle.  
It should also be noted however, that the medial condyle sees far more transitions in 
pathway direction, which could perhaps result in more wear of that surface over time than 
the lateral condyle. 
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Figure 3.2.8: Picture Of The Custom Built Alignment Fixture That Facilitated The Femoral 
Component Axis Of Rotation Alignment And Mapping Of The Component Condyles Lowest Points 
Between 0-90 Degrees Of Flexion. 
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Figure 3.2.9a: Graphs Of The Individual X (Medial/Lateral) And Y (Anterior/Posterior) 
Components Of Contact Pathway Translation Along The Tibial Surface, With M/L Distances 
Referenced From The Center Of The Tibial Plateau, And A/P Distances Referenced From The 
Neutral Position Of Both Condyles. 
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These individual results can then be combined onto an X-Y graph to illustrate the 
2 dimensional nature of the contact pathway over time.  These 2-D results are shown in 
figure 3.2.9b. 
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Figure 3.2.9b: Detailed Graphs Of The Contact Pathways For Both The Lateral And Medial 
Surfaces During The Gait Cycle.  
 
The graphs in figure 3.2.9b show a close up view of the contact pathway for both 
the medial and lateral surface.  When viewed at actual scale and overlaid onto a 
schematic of the tibial geometry, we obtain a realistic view of how these contact 
pathways dictate implant motion.  As can be seen in figure 3.2.10, the lateral contact 
pathway is significantly greater than that of the medial contact pathway.  The lateral 
pathway follows an arc that is roughly centered on the medial condyle.  A more in-depth 
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Figure 3.2.10: An Overlay Of The Contact Pathways Onto The Tibial Geometry Shows The Relative 
Scale Of The Femoral Contact Point Motions On The Tibia. 
 
 It is important to note that the contact pathway data shown in Figure 3.2.9a-b and 
displayed in figure 3.2.10 represent the center of contact between the two surfaces.  The 
actual contact between the surfaces at any given time takes the form of an area, with the 
size of that area being determined by the geometry of the contacting surfaces and the 
normal load that is being applied.  Although it was not in the original scope of the 
proposal, an analysis of this contact area pathway was undertaken to more fully 
investigate the interaction between the surfaces of the tibia and femur during wear testing 
simulation.  This work is described in the following section. 
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From the contact point pathway analysis above, the measures of contact pathway 
span and travel distance can be calculated.  Table 3.2.2 below summarizes these findings. 
 




Lateral Condyle Medial Condyle
Average St. Dev. Average St. Dev.
Contact Location
A/P Min. -3.258 +/- 0.788 -0.615 +/- 0.042
A/P Max. 4.489 +/- 0.411 0.269 +/- 0.017
M/L Min. -20.864 +/- 0.006 20.824 +/- 0.006
M/L Max. -20.587 +/- 0.065 20.861 +/- 0.005
Contact Span
A/P 7.747 +/- 0.406 0.883 +/- 0.025
M/L 0.277 +/- 0.062 0.037 +/- 0.007
Pathway Distance 16.892 +/- 0.948 3.082 +/- 0.123  
 
3.2.5.2 Contact Pathway Surface Area Analysis 
 
 
As was mentioned in the previous section, the contact pathway analysis describes 
the change in location of a single contacting point between the tibia and femur during the 
gait cycle.  A visual examination of the contact pathway span with respect to the actual 
wear track produced during wear testing shows that the contact pathway results 
underestimate the wear track distance in both the A/P direction and the M/L direction.  
This is simply because the contact point is actually at the center of a larger contacting 
surface.  As an example of this, it is known that the implant moves very little in the M/L 
direction, yet produces a wear path that is approximately 18mm wide on the lateral 
condyle.  This is because of the contact area that results from the surface interaction.  
 66
This contact area is governed the complex interaction of the implant geometries along 
with the loads that are being applied across the surfaces.  
The most straightforward analysis of these contact areas is through the use of 
Hertzian contact stress analysis.  To do this, the material properties of both the femur and 
tibia are first estimated from the literature, and the CAD geometries of the femoral and 
tibial surface are used to determine the instantaneous geometric interactions of the 
surfaces during the walking cycle.   For the Wright Medical implant, the interacting 
geometries in question remain fairly constant throughout the gait cycle, because the 
geometry of the femur does not change with flexion, and the tibial medial condyle is a 
uniform cup.  The lateral tibial condyle however contains a flat portion in the A/P 
direction, bordered by an anterior and posterior lip.  For this reason, when the contact 
pathway analysis determines that these lips have been contacted, the Hertzian analysis is 
modified to incorporate these new geometries. 
It must be mentioned that this Hertzian analysis is a theoretical approximation of 
surface contact only.  Hertzian theory is meant to only be applied to relatively flat 
interacting surfaces, and is not meant for significantly curved surface interactions that are 
experiencing multi-directional shear.  All of the results that are presented below are 
intended as an experimental aide only for the interpretation of the contact pathway 
results. 
The following average material properties for the femoral and tibial components 
were used in this analysis, with all applied axial loads being distributed equally to both 
the lateral and medial condyle. 
 
 67
Table 3.2.3: Average Material Properties used in the Hertzian Contact Analysis 
 
Hertzian Contact Analysis for the Wright Medical TKR
Material Properties Used
Youngs Modulus Poissons Ratio
Femoral Co-Cr 2.75E+11 pa 0.3





Figure 3.2.11:  The Hertzian Contact Equations Used In This Analysis With  Body A Representing 
The Femoral Surface And Body B Representing The Tibial Surface. 
 
Hertzian contact surface dimensions at any given time in the gait cycle were then 
determined using the set of equations in figure 3.2.11 along with the geometric measures 
of the interacting surfaces of the tibia and femur during the gait cycle. 
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The graphs below in figure 3.2.12 show the average A/P motions of the contact 
pathways for the medial and lateral condyle in red.  These red results are from the 
pervious section.  The results of the Hertzian contact analysis are now superimposed 
above and below this red line to show the anterior and posterior limits of surface contact 
during this contact point pathway.  As we can see, the inclusion of the Hertzian contact 
estimation greatly increases the wear area around the contact point, and provides a 
realistic estimate of the wear area that would occur over the gait cycle. 
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Figure 3.2.12:  Graphs Showing The Center Of Contact Location For The Medial And Lateral 
Condyle During Gait (In Red) Along With A Hertzian Estimation Of Surface Area Contact Limits 
(In Yellow) During This Motion.  
 
The extent to which this Hertzian contact analysis estimates the actual wear area 
during wear simulation can be visualized by superimposing the contact area results onto 
the tibial surface geometry itself.  Figures 3.2.13a-c show the results of the contact 
analysis areas superimposed with the results of the contact pathway results on the tibial 
surface.  Figure 3.2.13a shows the contact areas that are estimated at the neutral position 
(0% gait) with a corresponding axial load of 250N.  Figure 3.2.13b shows the contact 
areas that are estimated at the maximum anterior displacements for each condyle (10% of 
gait for the lateral condyle with 1600N and 44% of gait for the medial condyle with 
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2050N).  And finally, figure 3.2.13c shows the contact areas that are estimated at the 
maximum posterior displacements for each condyle (48% of gait for the lateral condyle 




Figure 3.2.13a-c:  Schematic Results Of The Hertzian Contact Areas At Different Times In The Gait 
Cycle Illustrating How A Relatively Small Contact Pathway Span Can Represent A Significant 
Contact Wear Area, With Figure A Illustrating Results At 0% Gait At The Neutral Position, Figure 
B Illustrating The Two Points Of Maximum Anterior Pathway Displacement, And Figure C 
Illustrating The Two Points Of Maximum Posterior Pathway Displacement. 
 
These data show that although the initial contact point pathway results are small 
in comparison to the visual examination of the surface damage during testing, they do 
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accurately predict the motions of the implant during testing.  If we combine the area 
contact information from figures 3.2.13a-c we can capture an estimate of the wear area 
over time.  Figure 3.2.14d shows this outlined area.  When comparing it to the actual 
wear area, we see that we have captured the lateral condyle wear area very well in the 
A/P direction and perhaps underestimated it in the M/L direction.  The medial condyle 
appears to have been underestimated in both the medial and lateral directions.  These 
underestimations are to be expected however in the contacting areas that have a large 
degree of curvature, namely the medial condyle, and the M/L aspect of the lateral 
condyle.  A summary of the data that was used to generate these plots, along with all of 
the secondary results of the Hertzian analysis (including X Area Length, Y Area Length, 
Maximum Contact Pressure, Maximum Contact Shear Stress, and Depth of Maximum 
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Figure 3.2.13d:  Schematic Of The Theoretical Contact Wear Area Over Time Taken From The 





Figure 3.2.14:  A Summary Of The Hertzian Contact Area Analysis, With Each Of The Six Results 
Referencing A Specific Time During The Gait Cycle. 
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3.2.5.3 Contact Pathway Velocity Analysis 
 
 
Once the contact pathways on the lateral and medial condyle have been 
calculated, a derivative analysis can be preformed to calculate the pathway velocity over 
time.  This measure is very useful in understanding of the rates at which the tibia and 
femur move globally with respect to one another.  These pathway velocities should not be 
confused with the measure of femoral/tibial contact sliding velocity, which will be 
reported in a later section. The contact displacement pathway contains both an X and a Y 
component.  For the benefit of the reader, both the X (Medial/Lateral), Y (Anterior/ 
Posterior), and resultant velocity magnitudes will be reported.  The Y velocity should be 
of primary interest, as this contact pathway has the largest motions in the A/P direction. 
The results of this contact pathway velocity analysis (figure 3.2.15) show that the 
maximum velocities are seen on the lateral condyle and are primarily in the A/P 
direction.  The maximum velocities occur between 0% and 8% of the gait cycle (during 
the stance phase of gait), when the axial loads are at their highest.  The most likely cause 
for these large velocities is the applied A/P loads during this time period, as there is very 
little flexion or axial torque during this time period.  Table 3.2.4 summarizes the average 
minimum and maximum velocities seen during the gait cycle from all four specimens 
tested. 
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Figure 3.2.15:  The X (M/L), Y (A/P) And Resultant Velocities Of The Contact Point Pathways For 
The Medial And Lateral Condyle During The Gait Cycle, With X And Y Velocities Signed To 
Indicate The Direction Of Travel (Anterior And Medial Are Positive, And Posterior And Lateral Are 





Table 3.2.4:  A Summary Of The Contact Pathway Velocities Of The Medial And Lateral Condyle 
During Simulator Wear Testing. 
 
Summary of Contact Pathway
Velocities During Gait
Units are mm/sec Lateral Condyle Medial Condyle
Average St. Dev. Average St. Dev.
Anterior/Posterior
Maximum 87.25 +/- 6.16 8.70 +/- 3.01
Minumum -47.53 +/- 5.92 -9.96 +/- 1.30
Medial/Lateral
Maximum 6.42 +/- 1.38 0.43 +/- 0.11
Minumum -2.79 +/- 0.37 -0.45 +/- 0.08
Resultant Velocity
Maximum 87.45 +/- 6.24 11.23 +/- 1.34
Minumum 0.06 +/- 0.06 0.04 +/- 0.01  
  
3.2.5.4 Center of Rotation Analysis 
 
 
One of the most basic measures of TKR kinematics is the quantification of 
implant internal/external rotation.  With this said, it is unfortunately most often the case 
that this measure is nearly useless as an indicator of actual implant rotational kinematics.  
Rotation is a global value, meaning that all parts of a rigid body rotate at the same rate 
with respect to a reference point.  What researchers most often incorrectly assume is that 
rotation actually takes place about one fixed point on the body in question (i.e., the center 
of the tibial plateau).  This is rarely the case.  Most often the point of instantaneous 
rotation (or the point that has zero linear velocity) migrates during the complex 
articulation of femoral and tibial component.  For the case of a “medial” or a “lateral” 
pivot knee design, it is hoped that this instantaneous point of rotation will reside to the 
medial or lateral side of the tibial plateau. 
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The center of kinematic rotation was calculated using an iterative displacement 
methodology at a step frequency of 100Hz.  This methodology utilizes the changes in the 
raw tibial cup displacement data to track the change in locations of all points on the 
medial and lateral tibial insert surface over time.  From this data, the location of the 
center of rotation of the tibial tray can be isolated and tracked with respect to the tibial 
geometry.   
The raw tibial cup displacement data was first smoothed with a 30th order 
polynomial.  This gait cycle data was then divided into 100 equal parts.  Each 
displacement interval was then used to calculate the instantaneous center of tibial 
component rotation.  These instantaneous centers of rotation were then iteratively 
summed to attain a center of rotation pathway over time.  Figure 3.2.16 shows the 
locations of the instantaneous centers of rotation over time during the gait cycle for all 




Locations of Instantanious Center of Rotation During the Gait Cycle 
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Figure 3.2.16:  Graphic Of The Instantaneous Center Of Axial Rotations Over The Gait Cycle 
Showing That The Implant Predominantly Rotates About The Medial Condyle. 
Timeline View of the Average Locations of Instantanious Center of 
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Figure 3.2.17:  Timeline Graphic Of The Location Of The Center Of Rotation Showing That The 
Center Of Rotation Movement Is Directly Linked With Certain Phases In The Gait Cycle. 
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Figure 3.2.17 shows that the location of the center of rotation moves with respect 
to the applied loading during different parts of the gait cycle.  With the data plotted in 
three distinct phases (0-30%, 31-60%, and 61-99%) we can see that the center of rotation 
translates along different pathways at different times.  We can also see that the swing 
phase has the majority of the locations to the lateral side of the implant, whereas the 
stance phase contains a majority of the medial pivot locations. 
It is important to note that the locations of centers of rotation are not limited to the 
geometric boundaries of the implant.  Some center of rotation locations can be orders of 
magnitude outside the dimensions of the implant.  As an example, if a pure A/P 
displacement is seen at any time, the center of rotation approaches infinity at this instant.  
For this reason, the average values reported below in table 3.2.5 are limited the inclusion 
of data that is +/- 41.707 mm from medial/lateral center of the implant. (This measure is 
the actual width of the femoral/tibial contact points between the medial and lateral 
condyle, and thus is used as a realistic cutoff length of true rotation).  For the benefit of 
the reader the maximum and minimum ranges of these locations are also listed. 
Final enhancement and clarity of this axis of rotation data is attained through 
incorporation of the initial results of the TKR wear testing study.   Figure 3.2.18below 
takes the axis of rotation data and overlays it with a CAD drawing of the TKR design, 
onto which is also drawn the 5 million cycle wear scar area for both condyles.  From this 
data, we can begin to understand the relationship between implant motion and design. 
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Figure 3.2.18: Graphical Summary Of The Instantaneous Axis Of Rotation Locations During The 
Walking Cycle For The Advance®  Medial Pivot Design ( Lateral Side On Left), With The Average 
Pivot Location During The Stance Phase Of Gait In Black (± 1 S.D.), And Individual Pivot Points 
Over The Entire Gait Cycle In White. 
 
The results of this analysis are specific to the type of activity that is being 
simulated.   Implant kinematics during complex dynamic loading protocols are not 
simply the sum of individual loading input responses.  An implant design my exhibit a 
simplified and highly concentrated center of rotation under basic loading (i.e., pure axial 
rotational loading), but a more complex and widely distributed center of rotation during 
advanced loading protocols.  The results shown here confirm that the implant exhibits a 
medial pivot nature even under rigorous multi-axial loading. 
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Table 3.2.5:  A Statistical Summary Of The Locations Of The Instantaneous Centers Of Axial 
Rotation Of The Tibial Component During Simulated Gait, Showing The Highly “Medial Pivot” 
Nature Of The Design During The Stance Phase Of Gait.   
 
Statistial Summary of the Instantanious
Centers of Tibial Axial Rotation During Simulated Gait
Medial (+) / Lateral (-) Location with respect to Tibial center (mm)
Sp 1 Sp 2 Sp 3 Sp 4 All Specimens
Phase (cycle %) Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Min. Max.
Entire Cycle 0-99% 12.84 +/- 19.25 13.85 +/- 19.30 18.70 +/- 17.14 16.95 +/- 21.12 15.58 +/- 19.34 -831.19 441.10
Stance 0-60% 20.66 +/- 8.06 21.20 +/- 8.25 24.12 +/- 9.41 24.48 +/- 9.42 22.63 +/- 8.91 -338.61 1006.24
Stwing 61-99% -0.79 +/- 24.92 -0.85 +/- 25.90 9.12 +/- 22.88 2.39 +/- 28.82 2.50 +/- 25.71 -831.19 1006.24
Anterior (+) / Posterior (-) Location with respect to Neutral Position (mm)
Sp 1 Sp 2 Sp 3 Sp 4 All Specimens
Phase (cycle %) Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Min. Max.
Entire Cycle 0-99% -0.01 +/- 1.84 -0.15 +/- 2.91 0.64 +/- 8.57 -0.53 +/- 4.97 -0.01 +/- 5.24 -48.194 83.70
Stance 0-60% 0.10 +/- 1.43 -0.18 +/- 2.78 1.55 +/- 10.82 -0.60 +/- 6.25 0.22 +/- 6.45 -6.29 17.56
Stwing 61-99% -0.18 +/- 2.34 -0.11 +/- 3.13 -0.79 +/- 1.73 -0.41 +/- 1.67 -0.37 +/- 2.29 -48.19 83.70  
 
3.2.5.5 Femoral Component Articulation Analysis 
 
 
In the previous section we determined the contact point locations of the femoral 
component on the tibial component over time.  This information was gleaned from two 
sources: the contact point motion as a result of femoral flexion (i.e., femoral rollback), 
and contact point motion as a result of tibial motion (i.e., A/P displacement, and I/E 
rotation).  Each of these motions contributes to the overall displacement of the 
femoral/tibial contact point, and this contribution can vary over the gait cycle.  Through 
kinematic analysis, the relative contribution of each of these motions toward the 
generation of contact point movement can be determined for all points in the gait cycle.  
This information allows the research scientist and implant designer to gain a more 
thorough understanding of how different basic motions contribute the global kinematic 
articulation over time.  Basic estimates of the effect of femoral rotation on contact point 
translation (femoral rollback), and the effect of anterior/posterior loading on tibial flexion 
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can be assessed through the interactive comparison of the results from this analysis to 
other loading and kinematic data presented for this implant design. 
The two primary factors that dictate the motion of the femoral contact point 
during femoral flexion are, 1) the femoral component geometry and, 2) the femoral 
component alignment.  If the femoral articulating surface is poly-centric (composed of 
more than one radius of curvature), the lowest articulating contact point will travel 
anteriorly and posteriorly during flexion.  For the Advance Knee System however, the 
femoral component maintains a constant radius of curvature between the knee flexion 
ranges used during simulated gait (0-70 degrees), which would ideally mean that the 
lowest articulating contact point would remain fixed with respect to the axis of femoral 
rotation. 
For the wear test in question, an ideal femoral flexion axis was chosen at the 
center of this radius of curvature to minimize any proximal/distal migration of the 
femoral surface during flexion.  This proximal/distal migration is avoided to minimize 
the chance of unwanted axial load increases as a result of this potential camming action. 
Ideally, because of the uni-centric articulation of the femur, the lowest femoral surface 
point should remain motionless during femoral flexion.  Experimentally however, this 
ideal flexion axis is nearly impossible to achieve, and there will therefore be a small 
amount of femoral contact point A/P motion and camming during femoral flexion. 
During the femoral component alignment process, the flexion axis is aligned with 
the simulator flexion axis.  This alignment methodology utilizes a custom-built alignment 
platform that allows the researcher to track the anterior/posterior and medial/lateral 
location of the most distal aspect of the femoral articulating surface during simulated 
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femoral flexion.  These measurements allow the researcher to accurately determine any 
errors that result in alignment, and to determine the actual center of rotation during 
experimentation and testing.  Figure 3.2.19 shows the locations of the experimental 
flexion axis with respect to the ideal flexion axis of the femur in two anatomical views: 
an anterior/posterior view and a medial/lateral view.  These graphs show that the 
experimental alignment is very close to the ideal alignment in both displacement and 
rotation. 
 











































































Figure 3.2.19: Graphs Showing The Alignment Results Of The Experimental Femoral Flexion Axis 
Locations With Respect To The Ideal Flexion Axis Indicating An Alignment Accurate To Within 0.3 
mm And 0.2 Degrees With Respect To The Ideal Femoral Flexion Axis. 
  
A summary of this data is listed in Table 3.2.6 and shows that these experimental 
alignments are very close to the ideal axis of rotation.  These small errors none-the-less 
result in a small amount of femoral contact point displacement during femoral flexion.  
As the femur rotates, the lowest articulating contact point moves anteriorly and 
posteriorly as the femoral geometry rotates about the experimental axis of rotation.  
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Figure 3.2.20 shows the anterior/posterior motion of this lowest contacting point during 
testing for both the medial and lateral condyle. 
 
Table 3.2.6:  A Summary Of The Measured Error In The Alignment Of The Femoral Flexion Axis 
With Respect To The Idea Axis From The CAD Dimensions.  
 
Error in the Location and Angle of the
Experimentally Aligned Femoral
Axis of Rotation
Proximal/ Medial/ Valgus Internal Rot
Distal Lateral Angle Angle
Distance Distance of Axis of Axis
Ideal Axis 0.0000 0.0000 0.0000 0.0000
Sp1 -0.3396 -0.3641 0.0467 -0.5399
Sp2 -0.4771 -0.4576 -0.1085 -0.2308
Sp3 0.3204 -0.0081 0.0220 0.0865
Sp4 0.1564 -0.1836 -0.0769 0.0247
avg -0.0850 -0.2533 -0.0292 -0.1648
stdev 0.3835 0.1992 0.0752 0.2853
Note: CAD Machining 
tolerance +/- 0.508 mm  
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Figure 3.2.20:  The Anterior/Posterior Displacement Of The Lowest Femoral Articulating Contact 




These results show how sensitive the articulating contact point is to femoral 
component alignment during simulation; especially when the alignment is very near the 
designs axis of rotation.  Specimen 3 illustrates this very well.  Its alignment is only 
slightly more anterior and proximal than the others are, yet the difference in kinematic 
translation is significant.  It is important to note that just because the lowest contact point 
on the femur moves, it does not mean that the contact point on the tibia must move as 
well.  Contact pathway motion is the sum of both the femoral translation and the tibial 
translation.  If the tibia moves in the same direction to that of femur, then the net 
displacement of the contact point on the tibial surface will be zero.  The relative 
contribution of the motion of the contact point to either tibial or femoral motion is 
illustrated in figure 3.2.21.  These results show that the femur contributes very little to the 
overall contact pathway displacement on the lateral condyle, but very significantly to that 
of the medial condyle, as the medial condyle tibial motions are very small. 
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Contributions to Lateral Condyle Contact 
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Figure  3.2.21:  Graphs Of The Individual Contributions Of Femoral Rotation And Tibial Motion To 
The Resulting Contact Displacement Pathway During Wear Testing, Showing That The Femur 
Contributes Very Little To The Overall Contact Pathway Displacement On The Lateral Condyle, 
But Very Significantly To That Of The Medial Condyle, As The Medial Condyle Tibial Motions Are 
Very Small. 
 
3.2.5.6 Contact sliding velocity analysis 
 
 
Perhaps the least reported measure of implant kinematic simulation is the relative 
sliding velocity of the femoral articulating component over the tibial articulating 
component.  This is of little surprise, because it is a very complex phenomenon during a 
multi-axial simulation of a dynamic activity such as walking.  When attempting to 
simulate biomaterials wear in the laboratory however, the quantification of sliding 
velocity is fundamental towards the understanding of wear. 
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 The most simplified measure of sliding velocity is the measure of femoral 
rollback during flexion.  During pure femoral rollback, the femoral/tibial contact point 
translates posteriorly on the tibial surface without slipping.  While the distance travelled 
by the contact point posteriorly is non-zero, and the global velocity of the femur with 
respect to the tibia is typically non-zero, the instantaneous sliding velocity of that contact 
point is zero.  This instantaneous zero velocity at contact is termed “rolling” and is very 
similar to how a car’s tire travels along the road surface.  Any relative increase or 
decrease in the speed of the femoral contact point with respect to the tibial contact point 
initiates a “sliding” phenomenon.  This sliding velocity varies greatly over the course of 
the walking cycle and is produced by any combination of femoral rotation, femoral 
contact point translation or tibial motion.  The contact sliding velocity analysis quantifies 
the sliding velocity of the femoral contact point with respect to the tibial contact point at 
all locations over the contact pathway.  With this data, an estimation of the effect of 
sliding velocity on the areas of pathway wear can be assessed.  As well, the relative 
contribution of rolling vs. sliding on the production of wear for any particular implant 
design can be compared. 
Figure 3.2.22 shows the contact point sliding velocities over the gait cycle for this 
study.  The data is with respect to the femoral coordinate system, and a positive sign 
indicates that the femoral surface is sliding in the anterior direction on the tibial surface.  
As we can see, the single most dominant contributor to contact point sliding velocity is 
femoral flexion.  When the femur flexes, the femoral articular surface rotates about the 
fixed femoral axis, causing the rotation induced displacement of all points on the femoral 
articulating surface.  For femoral articular geometries that are the same on both the 
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medial and lateral condyle, the resulting sliding velocity of the femoral surfaces are the 
same on both condyles.  This causes the femoral sliding velocity on the medial condyle to 
be far greater than any secondary movement of the tibia. 
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Figure  3.2.22:  The Contact Sliding Velocities Of The Femoral Contact Point On The Tibial Surface 
Over The Gait Cycle, With Positive Velocity Being Femoral Sliding In The Anterior Direction With 
Respect To The Tibial Surface. 
 
As the tibia slides underneath the femur, we can see that the largest velocities are 
created during maximum A/P shear actuations in the loading cycle.  The smaller 
velocities during the swing phase (61-99%) are significantly less that the femoral flexion 
velocity during the swing phase.  Table 3.2.7 summarizes the magnitudes in sliding 
velocity seen over the entire gait cycle.  For a review of the magnitudes of tibia sliding 
velocity only, please refer to the previous section. 
As we previously discussed, the contact sliding velocity between the femoral and 
tibial surfaces can be broken down into two sub-groups: namely rolling and sliding.  
Rolling occurs when the sliding velocity is ideally zero, and remains at zero for some 
length of time.  Sliding can therefore be defined as all sliding velocities that are greater 
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than or less than zero.  For the purposes of computation and experimental measurement, 
the sliding velocity magnitudes that would constitute “rolling” would fall within a margin 
of error that was within a certain threshold of the zero velocity range.  For the current 
study however, the data clearly indicate that there is very little, if any ranges of motion 
that would fall into a “rolling” regime, regardless of the threshold methodology.  As can 
be seen in figure 3.2.22, all of the changes in velocity are clearly transient through the 
zero velocity area, indicating that sliding is by far the dominant method by which 
displacement of the contacting surfaces is achieved during the gait cycle. 
 
Table 3.2.7:  Summary of the contact sliding velocities seen during the gait cycle for both the medial 
and lateral condyle. 
 
Summary of the Contact Sliding Velocities
of the Femural Surface across
the Tibial Surface 
Units in Medial Condyle Lateral Condyle
(mm/sec)
Avg. St.dev. Avg. St.dev.
Stance Min 88.95 +/- 0.68 70.21 +/- 6.13
(0-60%) Max -57.28 +/- 1.10 -106.52 +/- 7.81
Swing Min 93.84 +/- 1.23 82.85 +/- 7.20
(61-99%) Max -107.83 +/- 1.81 -113.50 +/- 4.49
Complete Min 93.84 +/- 1.23 82.85 +/- 7.20
Cycle Max -107.83 +/- 1.81 -114.66 +/- 4.87  
 






The research described in this addendum provides more insight into the 
kinematics of the medial condyle in the previous chapter.  As was mentioned in the 
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discussion of the previous section, the contact pathway analysis and all results thereof are 
based on the assumption that the lowest point of the femoral component is the point in 
contact with the tibial plateau.  We know this not to be the case on the medial condyle, 
where a more ball-and-socket geometry is employed to produce the “pivot” of the tibia 
about this condyle.  Therefore, the data presented for the medial condyle in the previous 
sections would serve as a lower boundary for this highly contoured area.   
This addendum employs all of the calculations that are listed in the previous 
materials and methods, with the addition of a geometric correction factor to provide a 
more complete description of the kinematics of the medial condyle.  This correction 
factor compensates for the geometric curvature of the medial condyle and is taken from 
the CAD dimensions of the implant.   By employing this methodology, the results listed 
in this addendum for the kinematic displacements and velocities for the medial condyle 
are magnified by about 27 times in both the X and Y directions from those of the 
previous report.  This is very significant, and results in kinematic values that far exceed 
those of the lateral condyle.  The results of the previous report indicate that the lateral 
condyle ranges of motion remain in the relatively flat regions of the condyle.  We will 
therefore only employ this geometric correction factor on the medial condyle data, 
leaving the lateral condyle data unchanged from the previous report. 
 
This addendum contains updated data sets for all the following analyses: 
 
1) The estimation of the femoral/tibial contact pathway over time for both 
condyles, including the calculation of the pathway span and pathway 
distance traveled per cycle. 
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2) The estimation of the contact pathway velocity over time for both 
condyles.  
3) The calculation of the contribution that each of the motions of the femur 
and tibia have to total pathway motion for both the lateral and medial 
condyle. 
4) The estimation of the relative femoral/tibial surface contact sliding 
velocity over time for both condyles (the wear rate velocity) 
5) The estimation of the areas of contact rolling vs. contact sliding over time 
for both condyles 
 
All of the theoretical assumptions and limitations that were listed in the previous 
sections hold true for the data listed in this addendum.  Please refer to the previous 
sections for a more complete description of the methods used in the elucidation of the 
results listed in this addendum.  
 
3.2.6.2 Addendum Geometric Correction Factor Analysis 
 
 
The geometric correction factor that is employed in this addendum makes use of 
the CAD dimensions of the tibial and femoral components.  For the medial condyle, both 
components are spherical.  This makes the implementation of this correction factor 
relatively straightforward.  From the CAD dimensions, the radius of curvature for the 
medial tibial condyle was taken to be 25.984 mm, and the radius of curvature for the 
medial femoral condyle was taken to be 25.000 mm.  From these dimensions we can then 
calculate the interaction of these spherical geometries with a given linear displacement. 
Figure 3.2.23 shows graphically the femoral geometry resting in the tibial 
geometry at the neutral (0 mm displacement) position.  The lowest point on the femur is 
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seen to be resting on the lowest point of the tibia.  If the femoral geometry were to then 
undergo a linear displacement (d) in the X direction, the lowest point on the femur would 
move with a magnitude of d with respect to the tibia, but the contacting point between the 
femur and the tibia would move with a linear magnitude of d2.  The relationship between 
d and d2 is dependent upon the femoral and tibial radii.  Since the femur and tibia are 
spherical, this relationship holds true for all of the medial condyle kinematic data 
presented in the previous report and for both the A/P and M/L directions.  The true 
contact pathway motion is 3 dimensional in nature, with a vertical component, and is 
described by an arc along the tibial surface.  When visualizing the contact pathway 
motion from a proximal to distal view, this 3 dimensional component is not apparent, but 
for the calculation of true contact displacement, this 3 dimensional component adds to the 
overall magnitude of every kinematic measure. 
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Figure 3.2.23:  Diagrams Showing The Geometric Interaction Of The Femoral And Tibial 
Geometries With A Given Linear Displacement Of The Femur With Respect To The Tibia, with the 
Actual Contact Displacement Of The Femoral/Tibial Contact Point Shown In Blue. 
 
 
From figure 3.2.23, we can calculate the geometric correction factors that will be 
used in this analysis.  Equation 1 below gives relationship between the value of d, which 
R2 
Tibial Radius = 25.984 mm 
R1 
Femoral Radius = 25.000 mm 
d Linear Motion of 
Femoral Condyle w.r.t. 
Tibial Condyle 
d2 Linear Motion of 
Contact Point w.r.t. Tibial 
Condyle 
d3 Actual Contact 
Displacement of 
Contact Point w.r.t. Tibial 
Condyle 
R2 
Tibial Radius = 25.984 mm 
mm
R1 
Femoral Radius = 25.000 mm 
X Direction of Linear 
Femoral Motion 
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is the linear motion of the femur with respect to the tibia, and d2, which is the magnitude 
of the linear displacement of the contact point between the femur and the tibial surfaces.  
Equation 2 describes the relationship between the linear distance d2 and the actual 
contact pathway distance d3.  We can therefore solve for the final relationship between d 
and d3 as shown in equation 3. 
 
d2 = (R2 * d) / (R2 – R1)    (Equation 1) 
 
d3 = R2 * invsin (d2 / R2)     (Equation 2) 
 
D3 = R2 * invsin (10)      (Equation 3) 
 
For the following values: 
R2 = Tibial Radius = 25.984 mm 
R1 = Femoral Radius = 25.000 mm 
 
The final geometric correction factors are as follows: 
d2 = 26.4065 d 
d3 = 25.984 * sin-1 (d / 0.984) 
 
These correction factors will be incorporated throughout the data that are 
presented in this addendum unless otherwise stated.  The values for the lateral condyle 
will be redisplayed for comparison purposes only, and have not been changed from the 
previous report. 
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3.2.6.3 Addendum Contact Pathway Analysis 
 
 
Figures 3.2.24 and 3.2.25 below show the contact pathway results calculated for 
the amended analysis. To gain an understanding of the basic pathway measures, we can 
first visualize these results in linear graph form.  Figure 3.2.24 shows the X (M/L) and Y 
(A/P) displacements of all four specimens over time during the gait cycle.  We can see 
that now the A/P displacements of the medial condyle are far greater than that of the 
lateral condyle.  This was not the case in the previous analysis. 
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Figure 3.2.24:  Addendum Graphs Of The Individual X (Medial/Lateral) And Y (Anterior/Posterior) 
Components Of Contact Pathway Translation Along The Tibial Surface, With M/L Distances 
Referenced From The Center Of The Tibial Plateau, And A/P Distances Referenced From The 
Neutral Position Of Both Condyles. 
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These individual results can then be combined onto an X-Y graph to illustrate the 
2 dimensional nature of the contact pathway over time.  These 2-D results are shown in 
figure 3.2.25. 
The graphs in figure 3.2.25 show a close up view of the contact pathway for both 
the medial and lateral surface.  When viewed at actual scale (figure 3.2.26) and overlaid 
onto a schematic of the tibial geometry, we obtain a realistic view of how these contact 
pathways dictate implant motion.  The lateral pathway follows an arc that is roughly 
centered on the medial condyle.  A more in-depth analysis of the center of rotation is 
done later in this report. 
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Figure 3.2.25:  Detailed Addendum Graphs Of The Contact Pathways For Both The Lateral And 
Medial Surfaces During The Gait Cycle. 
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Scale = 1 inch
 
 
Figure 3.2.26: An Overlay Of The Addendum Contact Pathways Onto The Tibial Geometry Shows 
The Relative Scale Of The Femoral Contact Point Motions On The Tibia. 
 
 
 It is important to note that the contact pathway data shown in figure 3.2.24, figure 
3.2.25 and displayed in figure 3.2.26 represent the center of contact between the two 
surfaces.  The actual contact between the surfaces at any given time takes the form of an 
area, with the size of that area being determined by the geometry of the contacting 
surfaces and the normal load that is being applied. 
From the contact point pathway analysis above, the measures of contact pathway 




Table 3.2.8:  A Summary Of The Kinematic Pathway Measures From The Four Simulator Stations.   
 
Contact Pathway Measures
Lateral Condyle Medial Condyle
Average St. Dev. Average St. Dev.
Contact Location
A/P Min. -3.258 +/- 0.788 -10.377 +/- 1.474
A/P Max. 4.489 +/- 0.411 13.998 +/- 0.839
M/L Min. -20.859 +/- 0.006 20.003 +/- 0.227
M/L Max. -20.585 +/- 0.056 20.972 +/- 0.189
Contact Span
A/P 7.747 +/- 0.406 24.375 +/- 0.833
M/L 0.274 +/- 0.052 0.969 +/- 0.212
Pathway Distance 16.891 +/- 0.950 74.407 +/- 6.375  
 
 
3.2.6.4 Addendum Contact Pathway Velocity Analysis 
 
 
The results of this contact pathway velocity analysis (figure 3.2.27) show that the 
maximum velocities are now seen on the medial condyle and are primarily in the A/P 
direction.  The maximum velocities occur between 50% and 75% of the gait cycle 
(during the onset of the swing phase of gait), when the axial loads are approaching their 
lowest values.  The most likely cause for these large velocities is the low axial loads 
coupled with a small amount of A/P load and torque.  Table 3.2.9 summarizes the 
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Figure 3.2.27:  The Addendum X (M/L), Y (A/P) And Resultant Velocities Of The Contact Point 
Pathways For The Medial And Lateral Condyle During The Gait Cycle, With X And Y Velocities 
Signed To Indicate The Direction Of Travel (Anterior And Medial Are Positive, And Posterior And 




Table 3.2.9:  A Summary Of The Addendum Contact Pathway Velocities Of The Medial And Lateral 
Condyle During Simulator Wear Testing. 
 
Summary of Contact Pathway
Velocities During Gait
Units are mm/sec Lateral Condyle Medial Condyle
Average St. Dev. Average St. Dev.
Anterior/Posterior
Maximum 87.2496796 6.16386737 209.452263 35.431898
Minumum -47.5277829 5.91873195 -244.429496 44.7481562
Medial/Lateral
Maximum 6.40025139 1.33462019 10.542973 3.84616525
Minumum -2.75269111 0.18798027 -14.0573285 2.76236032
Resultant Velocity
Maximum 87.4463875 6.23535522 244.934577 44.8831198
Minumum 0.06584245 0.06036508 1.16500872 0.43891537  
 
 
3.2.6.5 Addendum Center of Rotation Analysis 
 
 
The results for the center of rotation are unchanged from the previous analysis.  
The methodology used to calculate the center of rotation is independent of the contact 
pathways.  It is based on the global motion of the tibial tray under the femoral 
component.  The center of rotation is therefore not directly dependent upon the contact 
location of the lateral or medial condyle.  Please refer to the previous report for the 
results of this analysis. 
 
3.2.6.6 Addendum Femoral Component Articulation Analysis 
 
 
The relative contribution of the tibial or femoral motion to final contact point 
motion is illustrated in figure 3.2.28.  As in the previous analysis, these results show that 
the femur contributes very little to the overall contact pathway displacement on the lateral 
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condyle, but very significantly to that of the medial condyle, as the medial condyle tibial 
motions are very small.  
Contributions to Lateral Condyle Contact 
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Figure 3.2.28:  Addendum Graphs Of The Individual Contributions Of Femoral Rotation And Tibial 
Motion To The Resulting Contact Displacement Pathway During Wear Testing, Showing That The 
Femur Contributes Very Little To The Overall Contact Pathway Displacement On Either The 










3.2.6.7 Addendum Contact sliding velocity analysis 
 
 
Figure 3.2.29 shows the contact point sliding velocities over the gait cycle for this 
study.  The data is with respect to the femoral coordinate system, and a positive sign 
indicates that the femoral surface is sliding in the anterior direction on the tibial surface.  
As we can see, femoral component sliding due to flexion is no longer the single most 
dominant contributor to contact point sliding velocity.  When the femur flexes, the 
femoral articular surface rotates about the fixed femoral axis, causing the rotation 
induced displacement of all points on the femoral articulating surface.  For femoral 
articular geometries that are the same on both the medial and lateral condyle, the 
resulting sliding velocity of the femoral surfaces are the same on both condyles.  We can 
see that the increase in tibial displacement on the medial condyle has now taken the 
primary roll in dictating sliding velocities of that condyle. 
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Figure 3.2.29:  The Addendum Contact Sliding Velocities Of The Femoral Contact Point On The 
Tibial Surface Over The Gait Cycle, With Positive Velocity Being Femoral Sliding In The Anterior 
Direction With Respect To The Tibial Surface. 
 
As the tibia slides underneath the femur, we can see that the largest velocities for 
the lateral condyle are created during maximum A/P shear actuations in the loading cycle.  
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For the lateral condyle, the smaller velocities during the swing phase (61-99%) are 
significantly less that the femoral flexion velocity during the swing phase.  The medial 
condyle however, sees its maximum sliding velocities during the swing phase,  Table 
3.2.10 summarizes the magnitudes in sliding velocity seen over the entire gait cycle.  For 
a review of the magnitudes of tibia sliding velocity only, please refer the previous 
sections. 
 
Table 3.2.10:  Summary Of The Contact Sliding Velocities Seen During The Gait Cycle For Both The 
Medial And Lateral Condyle. 
 
Summary of the Contact Sliding Velocities
of the Femural Surface across
the Tibial Surface 
Units in Medial Condyle Lateral Condyle
(mm/sec)
Avg. St.dev. Avg. St.dev.
Stance Min 165.50 +/- 43.06 70.21 +/- 6.13
(0-60%) Max -122.43 +/- 15.69 -106.52 +/- 7.82
Swing Min 316.89 +/- 46.57 82.85 +/- 7.20
(61-99%) Max -211.46 +/- 74.40 -113.50 +/- 4.49
Complete Min 316.89 +/- 46.57 82.85 +/- 7.20
Cycle Max -211.46 +/- 74.40 -114.65 +/- 4.87  
 
As we previously discussed, the contact sliding velocity between the femoral and 
tibial surfaces can be broken down into two sub-groups: namely rolling and sliding.  
Rolling occurs when the sliding velocity is ideally zero, and remains at zero for some 
length of time.  Sliding can therefore be defined as all sliding velocities that are greater 
than or less than zero.  For the purposes of computation and experimental measurement, 
the sliding velocity magnitudes that would constitute “rolling” would fall within a margin 
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of error that was within a certain threshold of the zero velocity range.  For the current 
study however, the data clearly indicate that there is very little, if any ranges of motion 
that would fall into a “rolling” regime, regardless of the threshold methodology.  As can 
be seen in figure 3.2.29, all of the changes in velocity are clearly transient through the 
zero velocity area, indicating that sliding is by far the dominant method by which 





The results listed in this study were derived from a kinematic data set that was 
collected during a TKR war testing simulation.   This wear testing protocol simulated the 
loading and flexion angle waveforms characteristic of physiologic gait at a frequency of 1 
Hz.  One of the primary limitations of this advanced kinematic analysis is that the results 
will be based entirely on this walking cycle data set.  The loads and flexion angle used in 
the production of this data set are based on the ISO Standard 14243-1 protocol, with the 
actual loading and flexion angle output waveforms being listed in the wear testing 
summary section of this report.  Care should be taken if the results of this analysis are 
extrapolated to other dynamic activities or implant designs. 
The contact pathway analysis and all results thereof are based on the assumption 
that the lowest point of the femoral component is the point in contact with the tibial 
plateau.  This assumption is based on a flat-plane-model of the tibial plateau.  When 
interpreting the results of this analysis, care should be taken whenever the reported 
contact location exceeds the relatively flat regions of the tibial plateau.  It should be noted 
however that these non-flat portions of the tibial plateau would only magnify the 
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resulting measures of contact pathway and velocity.  The basic measures listed in this 
study therefore can continue to serve as a lower boundary for these highly contoured 
areas.  This is especially true of the results for the medial condyle.  From geometric 
assessment, it is predicted that the results listed for the kinematic displacements and 
velocities for the medial condyle would be magnified 26.4 times in both the X and Y 
directions to account for the highly conforming nature of this condyle.  This is very 
significant, and would result in kinematic values that would far exceed those of the lateral 
condyle.  An addendum is perhaps suggesting for this calculation in the future. 
The estimation of contact sliding velocity is the most complex variable to be 
reported in this analysis.  It is based on the measurement of all three variables of femoral 
contour geometry, femoral flexion, and tibial motion.  The complex co-dependence of 
this measurement increases the variability of the final result.  Ideally, a contact sliding 
velocity of v=0 would be the sole requirement for the indication of femoral “rolling” 
along the tibial plateau.  Because of inter-variability of this measurement however, a 
lower threshold methodology ( a > V > b) should be employed to determine the areas 
where femoral “roll” occurs, if any.  This threshold methodology was not needed 
however, as the velocity results clearly indicate that there is little, if any rolling during 
simulation. 
The contact pathway analysis presented in this addendum combines two 
assumptions: 1) the assumption that the lowest point of the femoral component is the 
point in contact with the tibial plateau, and 2) the inclusion of a geometric calculation to 
magnify the results that were obtained in the first analysis. 
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The results of the primary kinematic study confirm that the implant tested exhibits 
a medial pivot nature.  This is seen not only in the contact pathway results, but also in the 
results of the center of rotation analysis and the velocity analyses in this report.  Although 
most of the measures reported here indicate that there is more kinematic activity on the 
lateral side, it is important to recognize that the medial and lateral condyles have radically 
different geometries, and as a result the kinematic patterns are different in many respects.  
It is certainly not that case that the medial kinematic values are simply smaller in 
magnitude than the lateral kinematic values. 
The medial condyle undergoes significantly more reciprocating motion than the 
lateral condyle, with one cycle being composed of multiple passes over back and forth 
over the same surface area.  The medial condyle also has a significantly higher 
medial/lateral to anterior/posterior translation ratio than that of the lateral condyle.  This 
means that there is significantly more cross-patterned motion on the medial condyle than 
that of the lateral condyle.  The increase in these parameters, coupled with the highly 
conforming geometric nature of the medial condyle could be one possible explanation for 
the visual increase in surface wear on this condyle. 
The results of the addendum analysis continue to confirm that the implant tested 
exhibits a medial pivot nature.  Although this is not explicitly apparent in the contact 
pathway results, it is evident in the results of the center of rotation analysis.  The primary 
analysis showed that there was more kinematic activity on the lateral side, whereas the 
amended results now show that more activity is seen on the medial side.  It is important 
to recognize that the medial and lateral condyles have radically different geometries, and 
as a result the kinematic patterns are different in many respects.  
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The medial condyle continues to undergo significantly more reciprocating motion 
than the lateral condyle, with one cycle being composed of multiple passes over back and 
forth over the same surface area.  The medial condyle also has a significantly higher 
medial/lateral to anterior/posterior translation ratio than that of the lateral condyle.  This 
means that there is significantly more cross-patterned motion on the medial condyle than 
that of the lateral condyle.  The increase in these parameters, coupled with the highly 
conforming geometric nature of the medial condyle could be one possible explanation for 
the visual increase in surface wear on this condyle. 
By combining the performance data on pathway displacement, pathway velocity, 
and contact sliding velocity, a complex and highly specific regimen is established for the 
characterization of implant wear testing during simulation.  It would be highly unlikely 
that all of these values could brought to use at the same time in the laboratory to recreate 
the wear testing conditions that were seen in the simulator.  It is however more likely that 
individual components of these results could be used in basic studies of the performance 
of materials and implant designs.  It is hoped that the results of this advanced kinematic 
analysis will be of use in this regard. 
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3. 3 Phase 3: The Development of a Pin-on-Disk Wear Testing System For the 





 A pin-on-disk based simulator and experimental methods can be developed that can 
reproduce the complex cross-shear bearing motions that occur during TKR simulation to 





Chapter 3 of this dissertation is devoted to the design and development of a novel 
wear-testing system to better quantify the tribological mechanisms of cross-shear wear, 
and to the application of this system for the evaluation of candidate biomaterials under 
controlled conditions of cross-shear wear.  The result of this mechanical design was the 
development of the Multi Axis Cross (MAX) Shear wear testing machine.  The MAX-
Shear system is a computer controlled wear testing platform consisting of a 3 degree-of-
freedom statically loaded pin under which a traveling x-y stage is controlled to 
implement complex multi-directional motion pathways representative of the motions 
observed during TKR wear simulation.  For this disseration, the functionality of this 
testing platform was proven in a 100,000 cycle, 11.6 Mpa, wear test using 15.0 mm 
diameter polished stainless steel spheres against flat GUR4150 UHMWPE.  A 5-pointed 
star wear pattern was used to incorporate the physiologically relevant cross-shear sliding 
conditions of stop/start, 50 mm/sec entraining velocity and five crossing angles of 72°. 
Using normalized volumetric reconstruction of the resulting surface damage, a direct 
quantitative relationship between linear and cross-shear surface damage intensity was 
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obtained.  Cross-shear surface damage volume loss was found to be 2.94 (± 0.88) times 
that associated with linear sliding under identical tribological conditions.  SEM analysis 
of linear wear damage showed consistent fibril orientation along the direction of sliding 
while cross-shear wear damage showed multi-directional fibril orientations and increased 
surface roughness.  Significant increases in discrete crossing-point friction coefficients 
were recorded throughout testing. This scientific approach to quantifying the tribological 
effects of cross-shear provides fundamental wear mechanism data that are critical in 
evaluating potential biomaterials for use as in vivo bearings.  Relevant multi-axis, cross-






The clinically relevant wear testing of orthopedic bearing materials is a complex 
experimental and theoretical issue.  In general, as any tribology experiment increases in 
similarity to in vivo total joint conditions, the simplicity and affordability of that 
experiment decreases.  It is for this reason that experimentally “simple”, yet clinically 
relevant wear testing has been an elusive goal for the biomaterials community.  Most 
often, the experimentalist is forced to compromise and choose an experimental 
configuration somewhere in between the extremes of simple and clinically relevant. 
On one end of the spectrum, total joint simulators are often regarded to be the best 
option for final wear analysis of candidate orthopedic bearing materials.  However, these 
simulators require complex loading and displacement inputs, are expensive to build and 
maintain, and require significant sample preparation (up to and including the actual 
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fabrication of a finished test implant).  On the other end of the spectrum, pin-on-disk 
testing is an experimentally simpler and more affordable method by which quantitative 
measures of material wear performance can be obtained. Often, these pin-on-disk wear 
tests are performed under conditions that are limited representations of the in vivo 
condition(7, 9-11).  The adoption of simplified experimental conditions at the expense of 
physiologic similarity is often seen to be the preferred choice for the initial screening of 
candidate materials.  At some point, however, the trade-off becomes substantial enough 
that the data has questionable relevance to the in vivo application being modeled.  
Unfortunately, recent evidence has shown that the wear behavior of traditional orthopedic 
bearing polymers such as UHMWPE is greatly affected by the compromises of simplified 
configurations and motions (11).  These simplifications can result in wear mechanisms and 
results that differ greatly from the in vivo condition. 
Recent studies have produced significant gains towards the accurate 
characterization of total joint replacement kinematics and function, yielding quantifiable 
measures of bearing tribological variables, including start/stop transients, contact sliding 
velocities, accelerations, ranges of travel and contact pathway mappings (13, 73).  Through 
direct comparisons between in vitro total knee replacement (TKR) simulation and in vivo 
TKR fluoroscopic kinematic data, concrete estimates of total knee replacement kinematic 
function have been established (14, 15).  In addition, knee simulator studies using 
physiologically relevant loading patterns have shed further light on multidirectional 
crossing pathways (16, 67) thought to result in accelerated wear and thus linked to the 
primary failure mode of UHMWPE.  To date, these new volumes of physiological data 
have had only limited application in the field of polymeric wear and orthopaedic bearing 
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tribology. Such quantifiable estimates of basic bearing tribology offer great potential for 
the reintroduction of this data into basic wear testing research.  It is hoped that such 
studies will foster the development of experimentally "simple" yet physiologically 
relevant wear testing methods that can be used to more directly and affordably access the 
study of basic orthopaedic bearing tribology.   
This dissertation details the design and use of a novel wear testing system which 
can more realistically reproduce the reported ranges of kinematic parameters that have 
been quantified in vivo.  These include such phenomena as variable velocities, stop/start, 
physiologic ranges of sliding motion, and both linear and multidirectional crossing 
pathways.  Most importantly however, this novel wear testing system has the ability to 
specifically investigate the relationship between cross motion pathway kinematics and 
cross motion wear.  This is achieved by combining the basics of pin-on-disk testing with 
the complexities of physiological kinematic simulation.   
Through an experimental comparison of surface damage resulting from linear vs. 
multidirectional motion, this dissertation research realizes three objectives:  1) to 
introduce the design of a novel cross-shear wear testing system, 2) to describe a method 
whereby complex cross-shear damage on UHMWPE bearings can be produced and 
quantified, and 3) to discuss the tribological relevance of using a metal ball on polymer 






3.3.4 Materials and Methods 
 
 
3.3.4.1 The Multi-Axis Cross Shear (MAX-Shear) Wear Testing System 
 
 
The Multi-Axis Cross Shear (MAX-Shear) wear testing system (Figure 3.3.1) is 
modeled on the original design concepts of a basic pin-on-flat wear testing platform.  
Each of the six stations incorporates an upper bearing material that is attached to a pin, 
and a lower bearing material that is attached to a specimen holding plate.  The primary 
advantage of this classic arrangement is that any combination of candidate bearing 
materials can be incorporated into the testing set-up.   
The MAX-Shear wear testing system lower specimen fixtures rest on a precision 
x-y traveling stage. The stages are driven by 5.08 mm (0.200 inch) pitch precision ground 
worm gears that are attached to closed-loop DC brushless servo motors with 4000 count 
per revolution optical rotary encoders.  This entire system rests on a vibration isolation 
platform.  The resulting configuration has a translation envelope of 30.48 x 30.48 cm (12 
x 12 inches) with 1.27 micron displacement resolution, and is capable of pin to disk 
sliding velocities between 0-500 mm/sec, and accelerations between 0-5000 mm/sec2.  
Limit switches, lubricant baths, and heating control systems are incorporated into the x-y 




Figure 3.3.1: The MAX-Shear Wear Testing System. 
 
The statically loaded upper specimen pin is held by a linear spline bearing that 
prevents axial rotation but allows axial displacement.  Below the spline bearing, a custom 
pin and load cell array configuration was designed (Figure 3.3.2).  An array of three 
111.20 N (25.00 lb) load cells is used to trap the motion of the pin in the x-y plane.  The 
pin then incorporates a 2 rotational degree-of-freedom universal joint proximal to the 
load cell array that allows for the x-y plane rotation of the distal end of the pin.  The 
resulting entrapment of the pin by the load cells allows the load cell array to accurately 
assess the amplified frictional reaction forces at the bearing material interface during x-y 
plane shearing motions to a 1.68 μN resolution. 
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The displacement of the x-y stage is controlled using custom designed motion 
control software (LabView, National Instruments, Austin, TX) and signals from the load 
cell array and displacement data are synchronized, monitored, processed and recorded 
using custom software as well (LabView, National Instruments, Austin, TX).  During 
testing, frictional reaction forces and x-y stage displacements are monitored constantly 
and periodically recorded at 1000 Hz for an average of at least 10 cycles to assure the 
collection of cross-motion frictional transients and static frictional coefficients. 
For the current study, three of the six wear testing stations were used as described herein, 




Figure 3.3.2: A Close-Up View Of One Wear Testing Station Showing The Pin And Frictional Force 






3.3.4.2 Test Conditions 
 
 
3.3.4.2.1 Upper and Lower Bearing Surfaces (UBS and LBS) 
 
 
The upper bearing surfaces consisted of polished stainless steel spheres, 15.0 mm 
in diameter, on the distal ends of the pins of the individual testing stations.  Roughness 
averages and curvatures of the tops of the pins were measured with an NT-2000 Non-
Contacting Surface Profilometer (Wyko, Tuscon AZ) to insure specimen uniformity. 
The lower bearing surfaces were composed of flat UHMWPE samples (25.4 x 
76.2 mm, with a thickness of 7.0 mm) machined perpendicular to the ram extrusion axis 
of unsterilized GUR 4150 (Poly Hi Solidur, Fort Wayne, IN) bar stock.  The bearing 
surfaces of the UHMWPE were microtomed using a diamond knife and both the upper 
and lower bearing specimens were cleaned according to ASTM F-1715 prior to testing.  
All specimens were weighed and stored under vacuum until use. 
Specimen point contact loading parameters for the study were estimated using a 
circular Hertzian contact model(74).  The following material parameters were used: RUBS 
= 15.0 mm, EUBS = 193 GPa, Poisson’s RatioUBS = 0.27, RLBS = ∞ (very large), 
ELBS = 0.680 GPa, Poisson’s RatioLBS = 0.45. 
The total mass of the MAX-Shear wear testing system loading pin was added to 
that of the stainless steel balls to calculate axial loads used in this study.  Additional 
weight was added to the top of the loading pin such that an initial bearing contact stress 
of 11.6 MPa was achieved.  Conservative estimates of peak stresses in certain total knee 
joint designs exceed 15 MPa(75), although some have been shown to experience peak 
stresses of 30 MPa or higher(75, 76).  Approximately 12 MPa was chosen as a 
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representative average stress with physiologic relevance, but still well below both the 
compressive and tensile yield strengths of UHMWPE(9).  
For this study, the UHMWPE material is positioned as the lower bearing material, 
and the stainless steel sphere is positioned as the upper bearing material.  This is similar 
to the physiologic conditions found in total knee joint replacement bearing systems.  
Most multi-axis pin-on-disk wear testing configurations are the reverse of this, in an 
effort to subject the UHMWPE surface to as much wear as possible.  With the UHMWPE 
material as the pin, it is constantly loaded and subjected to the full sliding trajectory that 
is imposed by the system.  This results in constantly changing cross-shear conditions, 
which have been shown to accelerate the wear of the material.  The physiological 
relevance of this loading configuration varies by application.  For example, the polymer 
components in total hip (as opposed to knee) joints can be thought of as continuously 
loaded under ideal conditions.  However, it is important to note that the progression of 
wear in such a joint could also lead to a loose-ball-in-socket condition that would include 
conditions of offloading, lift-off and discrete regions of cross-pathway motions that could 
not be accurately characterized by constant UHMWPE loading models. 
Consideration of the differences between constant vs. periodic loading of the 
sacrificial material, especially with respect to viscoelastic materials, is key to preserving 
relevance when modeling complex in vivo wear using simulator or other more simple in 
vitro testing.  For total knee implants, many locations on the UHMWPE surface in vivo 
are intermittently loaded as the femoral component slides, rolls or glides over the surface 
of the tibial plateau.  As such, the UHMWPE bearing surface is not constantly loaded; 
rather it is subjected to shear forces induced by intermittent, variable, independent 
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crossing pathways.  The Max-Shear system mimics this in vivo condition by positioning 
the metallic bearing surface on top and allowing the metallic surface to slide across the 
surface of the UHMWPE.  In this manner, the UHMWPE surface is subjected to 
controlled conditions of intermittent loading with defined cross-shear conditions at 
regions of interest.  These conditions best mimic the tribological conditions found in non-
conforming total joint geometries that are subjected to complex motions, especially in 
regions that are outside the normal contact pathways encountered in conservative 
activities such as walking and stair-climbing. 
 
3.3.4.2.2 Wear Pattern 
 
 
For the current study, a wear testing profile was developed that incorporated 
many of the physiologic conditions that have been observed tribologically in orthopaedic 
bearings.  First, a stop/start condition was incorporated into the profile to simulate 
stop/start and to quantify static and dynamic frictional coefficients.  Second, a dynamic 
sliding velocity of 50 mm/sec was chosen to represent an average velocity that has been 
measured(15) in total knee joints.  Finally, discrete locations of crossing point motion were 
mapped into the wear profile so that their areas could be more closely examined and 
compared to the linear portions of the wear testing profile.   These physiologic wear 
parameters led to the development of a cyclic five pointed star pathway (Figure 3.3.3).  
This pathway is not unlike recent trajectory findings that were quantified from total hip 




Figure 3.3.3: Five Pointed Star Wear Testing Pathway. 
 
The MAX-Shear wear testing system was programmed for a pin-on-disk 
trajectory that would trace out a five pointed star pattern shown in Figure 3.3.3.  This was 
achieved through five linear motions of 20.000 mm each, for a total cycle path length of 
100.000 mm.  Each 20.000 mm segment lasted 0.600 seconds and was composed of a 
0.200 second (250.00 mm/sec2) acceleration phase, a 0.200 second (50.00 mm/sec) 
constant velocity segment, and a 0.200 second (250.00 mm/sec2) deceleration phase.  
Finally, each stopping point lasted 0.200 seconds for a total trajectory period of 4.000 
seconds per cycle.  The star pattern incorporated five crossing points whereby each 
segment crossed over two other segments during its travel.  Each inter-segment crossing 
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point angle measured 72.00 degrees and occurred during the constant velocity segment of 
motion.  This wear pattern allowed for a closed loop pathway with 5 trajectories, each of 
which applied equal kinematic treatments to the material.  All 5 motion segments could 
therefore be grouped for comparison against other specimens for statistical analysis 
where appropriate.    
 
3.3.4.2.3 Testing Environment 
 
 
50 ml of 50% bovine serum (Hyclone, SH30073.03 lot ALH14385 +  0.2% w/v 
NaN3 anti-microbial agent) was added to each station of the MAX-Shear wear testing 
system and evaporation barriers were utilized.  Soak controls were immersed in serum 
and placed in an environment with a constant temperature of 37.0 ºC.  The serum in the 
stations was allowed to warm to 37.0 ºC before wear testing was started.  Lubricant levels 
were checked periodically and de-ionized water was added as necessary to compensate 
for evaporative loss. Friction measurements were taken at approximately 0, 0.2K, 20K, 
40K, 60K, 80K and 100K cycles.  The temperature of the lubricant was maintained at 
37.0ºC throughout the testing procedure.  Experiments were terminated at 100,000 cycles 
corresponding to a total distance of 10 km.  Soak controls and wear samples were 
removed from immersion and were cleaned according to ASTM F-1715.  Test lubricant 





3.3.4.3 Characterization methods 
 
 
3.3.4.3.1 Profilometry  
 
 
Surface analysis was performed using an NT-2000 Non-Contacting Surface 
Profilometer (Wyko, Tuscon AZ) with a 1.2 mm x 0.93 mm field of view and a 
magnification of 5.2X. Prior to the wear test, the radius and roughness (Ra) of the UBS 
was established, and surface scans of the LBS at the approximate locations of the 
intersections of the motion pathway.  Following the wear test, surface scans of the 
cleaned and dry LBS were taken at the five points of cross shear and along a linear, 
constant velocity portion of each of the five lines of the star pattern.   
 
3.3.4.3.2 Data Processing and Volume Reconstruction 
 
 
A volumetric reconstruction protocol was developed to quantify the volume per 
unit length required to fill the damage tracks at both the linear and crossing points on the 
UHMWPE specimens. A WYKO® NT2000 non-contact surface profilometer was used 
to quantify the three-dimensional surface geometry of the damage tracks.  Surface scan 
magnifications and fields of view were chosen such that the entire width of the damage 
track could be quantified in a single scan (usually 2.5x or 5x magnification).  Using the 
control and calculation software that was bundled with the profilometer (Vision32™), 
each profilometry scan was analytically processed via the following routine: 1) The 
undamaged surfaces bordering each edge of the damage track were first identified.  2) 
The editing software was used to mask (or exclude) these undamaged surfaces from 
surface analysis, and to create a zero-damage surface datum.  3) A second set of masks 
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were then placed on either end of the damage track, perpendicular to track travel, to 
create a rectangular damage area with known length and width.  4) The volume required 
to fill the remaining unmasked damage track to the original level of the undamaged 
surface was then calculated.  5) The length of the exposed damage area was then used to 
quantify the average volume per unit length of the damage track.  For the areas that 
experienced cross shear, step 3) was performed in both directions of shear, such that only 
the crossing damage was volumetrically assessed.  The lengths of the damage tracks in 
both directions were then measured, averaged, and used to calculate the final average 
volume per unit length for the cross shear areas. 
The reconstructed volume loss was normalized to the length of the damage track 
to enable a direct inter- and intra- specimen comparison between the damage volumes 
seen in both the linear and cross shear areas.   The accuracy of this volumetric 
reconstruction method was verified for each scan by calculating the average radius of 
curvature per unit length for each surface scan.  The resulting average radius of curvature 
along the damage track was in close agreement with manual calculation of volume based 
on the measured parameters of width, depth and length in the damage track. 
The comparison between normalized volume loss in linear regions to normalized 
volume loss in cross shear regions in the same sample can be expressed as a ratio.  In 
testing conditions in which the “disk” experiences damage as a result of periodic loading, 
the amount of damage correlates to the number of contact cycles rather than to total path 
length (as opposed to many pin-on-disk configurations in which the material of interest is 
located on the pin and is damaged under constant load).  In this study, the regions under 
cross shear have experienced twice as many contact cycles as corresponding linear 
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damage track regions, therefore, the normalized volume loss ratio can be expressed as the 
quotient of the normalized volume loss in cross shear regions divided by twice the 
normalized linear volume loss. For example, if a linear damage track measured 50 mm3 
of volume loss per millimeter and an adjacent cross-point damage location measured 100 
mm3 of volume loss per millimeter, the normalized volume loss ratio (NVLR) for that 
cross-point would be calculated as follows: 
 
NVLR = Cross-point volume loss / (2 * linear point volume loss)  
= (100 μm3/mm)  /  (2 * 50 μm3/mm) 
= 1 
If however, the cross-point damage area measured 350 μm3 of volume loss per 
millimeter, the NVLR would be as follows: 
NVLR = Cross-point volume loss / (2 * linear point volume loss)  
= (350 μm3/mm)  /  (2 * 50 μm3/mm) 
= 3.5 
 
3.3.4.3.3 Friction analysis 
 
 
For this study, the friction data from each of the 6 stations of the MAX-Shear 
wear testing system was collected at 1000Hz and synchronized to the displacement 
profile signals from the x-y motion stage. Friction and displacement data were collected 
for 16 sequential cycles at the start of each test, after a brief (0.2 km or 2,000 cycles) 
wear in period, and approximately every 2 km of path length up to the test length of 10 
km / 100,000 cycles.   
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The period for each recorded cycle was calculated, and the data from 10 
sequential cycles was overlaid.  Friction data was separated into start-up friction 
(occurring after start at the five points of the star) and constant velocity friction (for the 
middle portion of the contact pathway after acceleration and before deceleration to stop).  
Because maximum friction is most relevant with respect to start up for this application, 
the average of the individual maximum coefficients of friction for the start regions was 
calculated.  In addition, the average constant velocity friction was calculated using long 
regions between the crossing points on each individual line on the star pattern. 
 
3.3.4.3.4 Scanning Electron Microscopy 
 
 
Specimens were gold coated to enhance visibility for scanning electron 
microscopy (SEM).  The coating was applied with a Denton Vacuum Desk II Gold 
Coater at 25 milliamps for 3 minutes under a vacuum of approximately 50 millitorr.  
Gold coated samples were analyzed with a Hitachi S-3500N Scanning Electron 
Microscope using SEM Software Version 03-03 and PC Software Version 03-04-0370.  
Representative scans of undamaged polymer surface, damage in linear portions of contact 





3.3.5.1 Gross Observation 
 
 
The wear tests created star shaped damage tracks on the surface of the polymer 
specimens. Visual examples of damage tracks can be seen in Figure 3.3.4.  All five wear 
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segments that make up the star pattern appeared identical in macroscopic wear 
morphology.  In general, the linear and cross shear portions of the wear track showed 
clear evidence of missing or depressed material.  The linear wear tracks were 
characterized by burnishing and scratching with a polished appearance.  The cross shear 
points showed clear indications of increased material loss or depression, with a more 
matted and dull appearance.  Of note was the observation that the regions of stop/start at 
the points of the star compared closely to that of the cross shear areas, especially that 
region of the stop/start area where the incoming and outgoing motion pathways 








3.3.5.2 Gravimetric Analysis 
 
 
The dry weights of the wear test specimens were recorded before and after the 
wear tests, and weights were adjusted to compensate for the change in the soak control.  
Due to the relative magnitude of the variability introduced by weight gain from fluid 
absorption, even using soak controls, the amount of material loss from the wear 
specimens could not be accurately measured using a scale sensitive to ± 0.0001 g.  This 
was expected considering the small total contacting wear area and magnitude of actual 
material loss resulting from the testing.  It is important to note that, as opposed to the 
gravimetric analysis approach of most pin on disk testing, the focus of this study was the 
volumetric quantification of the relationship of linear and cross motion damage 
mechanisms to surface damage.  
 
3.3.5.3 Volumetric Reconstruction of Surface Damage 
 
 
A typical profilometry scan of an unmasked UHMWPE surface is shown in 
Figure 3.3.5.  After masking, volume reconstruction was performed and the dimensions 
of the damage area were recorded.  The normalized volume loss average and ratios for 
each UHMWPE specimen are given in Table 3.3.1.  For each specimen in Table 3.3.1, 
values listed are the average of the five cross shear points, or the average of a total of five 
sections of linear damage track (one from each of the five lines comprising the star 
shape) as appropriate. Statistical comparison between normalized linear and cross shear 
volume loss for the same test specimen, using a two tailed Student’s t-test with two 
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Figure 3.3.5:  Surface Profilometry Scan Showing A Typical Area Of Cross Shear Damage 
(Profilometry Magnification At 5x; FOV 0.93 x 1.25 mm) 
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3.3.5.4 Friction Analysis 
 
 
A typical friction trace is shown in Figure 3.3.6.  Average friction coefficients 
reported represent the average friction of 3 specimens, with each specimen measurement 
consisting of an overlay of 10 cycles.  At the beginning of the test (0.2K of path length), 
the average maximum start-up friction was 0.498 (±0.047) and the average constant 
velocity friction was 0.356 (±0.033).  At 10K of path length, the average maximum start-
up friction was 0.447 (±0.035) and the average constant velocity friction was 0.277 
(±0.034).    
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Figure 3.3.6:  Sample Friction Trace Showing Stop/Starts ( # Indicates One Of Five Regions) And 
Crossing Points ( X Indicates One Of Five Sets Of Double Peaks Created By Cross Pathway 
Transients) At 0.2 Km. 
 
3.3.5.5 Reduction in Stress During Testing 
 
 
Initial calculations to create physiologically relevant stress during wear testing 
were based on Hertzian ball-on-flat contact mechanics for static loads.  Since the testing 
was dynamic, the stresses calculated represent an approximation of the actual stress.  This 
is an approximation for initial stress only, because as the material is subjected to damage, 
the ball-on-flat analogy becomes increasingly less accurate.  The approximate radius of 
curvature of the wear track, and depth, at the end of the wear test were calculated from 2-
D analysis of profilometry scans obtained on the Wyko NT-2000.  After 10K of total path 
length, the average radius of the damage track was 30.03 mm (±13.82 mm), and the 
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average depth of the damage track was 1.4 mm (±0.4 mm).  Based on the dimensions of 
the wear tracks, a more accurate approximation of the actual stress at the end of the test 
can be obtained by using circular Hertzian Contact equations for two spheres, one of 
which (the lower bearing surface) having a negative radius representing a center of 
curvature which is outside the body.  Using this approximation, the approximate 
maximum contact stress had been reduced to 7.34 MPa from the original approximate 
stress of 11.6 MPa.  This change was considered to have been equal across specimens 
and test duration, and was not considered to have influenced the inter-specimen results of 
this study. 
 
3.3.5.6 Scanning Electron Microscopy Analysis 
 
 
The surface outside of the damage tracks was characterized by fibrils which were 
visible at magnifications between 5,000X and 10,000X and tended to be oriented 
consistently in the same direction.  The surface had parallel scratches, possibly an artifact 
from conditioning with the diamond knife.  Figure 3.3.7a shows a low magnification 
view of two linear damage tracks intersecting to form an area of cross shear damage. 
The polyethylene surface inside the linear portion of the damage track was 
consistently characterized by fibrils aligned parallel to the orientation of the damage track 
as seen in Figure 3.3.7b.  Evidence of surface damage and fracture within the wear track 
was also present (Figure 3.3.7c). 
The surface inside the cross shear portion of the damage track was noticeably 
different than in the linear damage track.  In the areas of cross shear closest to the linear 
damage tracks, where it appeared the slope was steeper, a cobblestone appearance was 
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visible as shown in Figure 3.3.7d.  The ridges of the cobblestone lines were consistently 
perpendicular to the orientation of the closest linear damage track.  Closer to the middle 
of the cross shear area the texture changed and was dominated by larger fibrils that 






Figure 3.3.7a,b,c,d,e:  SEM Images of UHMWPE Specimens:  Orientation Of Linear Damage 
Track(s) Shown By White Arrow(s).  Orientation A:  Cross Shear At Low (40x) Magnification.  B:  
Fibrils Aligned Parallel To Damage Track (3,000x). C:  Fracture Within Wear Track (10,000x).  D:  
Cobblestone Wear Within Cross Shear, Close To Transition Zone (5,000x).  E:  Smearing Of Larger 





3.3.6   Discussion  
 
 
3.3.6.1 Existing Approaches to Wear Testing 
 
 
The classic arrangement of articulating surfaces in wear testing involves an upper 
bearing material that is attached to a pin, and a lower bearing material that is attached to a 
specimen holding plate, or disk.  The primary advantage of this configuration is that any 
combination of candidate bearing materials can be incorporated into the testing set-up.  
Typically, this has involved either a spherical or a flat material geometry on the pin, and a 
flat material geometry at the disk counterface.  The sacrificial material (which 
experiences the greatest amount of wear) can be fabricated into either the pin or the disk; 
the decision regarding location of the sacrificial material depends on the particular type 
of analysis desired.  Although it has an important effect on the resulting wear, primarily 
because the material on the surface of the pin is under constant load while the disk is 
loaded only periodically in discrete regions, the importance of this decision is often 
overlooked.  Historical configurations of this pin-on-flat wear testing arrangement are 
most often referred to as a “pin-on-disk” wear test.  Many variations of this arrangement 
reported in the literature are summarized in Figure 3.3.8 and detailed in the following 
paragraphs, including rotary pin-on-disk, reciprocating pin-on-disk, circularly translating 
pin-on-disk and multi-axis pin-on-disk configurations.  For clarity, the translations and 
rotations of both the pin and disk have been described using consistent terminology as 
follows:  1) translations are given with respect to a fixed point of observation not on 
either the pin or disk; circular translation does not imply rotation about an internal axis, 
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and 2) rotations are given with respect to the central axis of either the pin or disk being 
described, wherein the axis is normal to the bearing surface. 
 
Figure 3.3.8:  Summary of Wear Test Methods.  Symbols /  Indicate Absence / Presence Of Shear. 
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One of the most basic wear testing configurations is the rotary pin-on-disk 
method.  In this method the pin is neither translated nor rotated, and the disk is rotated 
without translation, producing a circular wear track on the flat specimen (Figure 8).  This 
configuration is often used to produce constant velocity, uni-directional shearing forces at 
the pin and disk surfaces.  The pin surface is under continuous load and uni-directional 
shear conditions, while only discrete locations of the flat specimen are periodically 
loaded in uni-directional shear during each cycle.  In this manner, the pin specimen 
experiences the majority of the wear potential. Depending upon material fabrication and 
geometric constraints, the candidate material under wear investigation can be fabricated 
into either pins or sheets; typically the softer material (the polymer in a metal/polymer 
combination) is used as the upper bearing surface.   
A similar type of wear testing configuration is the reciprocating pin-on-disk 
method.   In a reciprocating pin-on-disk wear test, the pin is linearly translated back and 
forth along a single line trajectory without rotation, while the disk neither translates nor 
rotates (Figure 3.3.8).  This produces a linear wear track, with a stop/start condition at 
either end of the wear track, and a variable (usually sinusoidal) velocity profile along the 
trajectory.  In this configuration, the pin surface is under continuous load and 
reciprocating shear conditions, while the discrete locations of the flat specimen of the 
wear track are periodically loaded in reciprocating shear.  Similar to the rotary pin-on-
disk method, the pin specimen experiences the majority of the wear potential.  
Historically, this reciprocating pin-on-disk configuration has been extensively used in all 
types of material-pair wear evaluations.  
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Recently, many polymers have been shown to wear more severely under 
conditions that produce multi-directional shear forces (10) than under uni-directional and 
reciprocating wear testing conditions.  This has been theorized to be a result of a process 
whereby the long molecular chains of the polymer reorient themselves along the 
directions of the shear vector (11), and has been assessed using soft x-ray absorption 
spectroscopy to measure molecular orientation at UHMWPE surfaces (78).  Such findings 
have resulted in the introduction of a new class of pin-on-disk wear testing systems that 
attempt to subject the material surfaces to multi-directional shearing forces similar to 
those seen in total joint replacements. 
The circularly translating pin-on-disk (CTPOD) system was introduced as a 
method by which the pin material could be subjected to continuous multi-directional 
shearing conditions (46).  Under this configuration, the pin neither translates nor rotates, 
and the disk is circularly translated underneath the pin without rotation (Figure 3.3.9).  In 
this manner, the pin surface is subjected to the full spectrum of shear vector orientations 
as the disk surface is moved underneath the pin.  The disk material at each discrete 
location on the circular wear track continues to see only periodic unidirectional shearing 
forces throughout the test however.  This necessitates that the candidate wear material be 
selected as the pin material for the wear test.  The CTPOD configuration lends itself most 






Figure 3.3.9:  Circularly Translating Pin-On-Disk Motion, Adapted From Saikko, With The Net 
Effect Of Translation Producing A Circular Wear Track On The Disk Shown A The Far Right. 
 
Multi-axis pin-on-disk wear testing incorporates one or two additional degrees of 
motion into a standard reciprocating wear testing profile to produce specific cross shear 
conditions (79-81).  For example, the addition of oscillatory rotation to a pin which is being 
linearly translated, with neither rotation nor translation of the disk, induces variations in 
the pin shearing vector over the testing cycle.  With the wear material of interest at the 
pin, it is subjected to a specific range of shearing vector orientations while under axial 
load.  The orientations of these shearing vectors are defined by the global displacements 
and rotations of the pin. These global motions are usually modeled upon existing data on 
knee or hip joint ranges of motion.  In most cases however, multi-axis pin-on-disk wear 
testing is a method that is employed to study the wear of materials under generalized 
cross-shear conditions.  It does not usually attempt to study the phenomena of cross-shear 
itself however, because the effects of discrete changes in the shear vector on resulting 
localized wear phenomena cannot be isolated. 
To study the effects of discrete changes in shearing vector orientation and 
magnitude on resulting wear, a new generation of multi-axis wear testing systems has 
recently been introduced.  These wear testing devices are modeled on the ability to 
translate the pin relative to the disk in the x and y direction along a desired pathway, 
 135
incorporating a change of direction.  The pin does not rotate, and the disk neither 
translates nor rotates.  These devices allow the pins shear vector orientation to be 
controlled, with the resulting wear of the pin being directly related to the defined changes 
in shear vector orientation.  To date, most of these multi-axis wear testing devices have 
only utilized a simplified rectangular path as a wear pattern (78, 79, 82-84), which is not 
necessarily representative of the range of pathways that have been quantified in artificial 
joint tribology (85).   As opposed to CTPOD testing, in which shear vector orientations 
change gradually over a complete range of angles during constant sliding, the rectangular 
pathway tests simulate so called “cross-path” (82) motions only at their corners, and isolate 
only two shear directions at perpendicular angles.  These rectangular motions may 
perhaps be more accurately referred to as “change-path”, since they result from a change 
in direction at a stop point, as opposed to the situation in which independent contact 
pathways actually cross.  Since the polymer pin again experiences the majority of the 
wear potential, measurement of wear is accomplished through gravimetric analysis.  Such 
testing has provided valuable insight into the implications of multi-directional motion on 
wear rates. 
In general, most pin-on-disk wear testing configurations produce the highest wear 
potential for the material that is placed at the pin.  For this reason, the polymeric material 
is most often located there, with the metallic material acting as the disk.  Intrinsic to this 
configuration, however, is the fact that the polymer experiences constant load across the 
entire contacting surface area of the pin, and wear is measured by gravimetric analysis of 
material removal.  This is contrary to the in vivo condition of total knee joint bearing 
surfaces whereby the polymer is cyclically loaded in discrete locations.  The greater 
 136
physiological relevance of the opposite situation (metal pin on polymer flat) has been 
noted (9, 71); however the combination of such a configuration with multi-directional 
motion and independent, crossing pathways has remained largely unexplored. 
 
3.3.6.2 Multi-Axis Cross  Shear (MAX-Shear) System Concept 
 
 
Inherent in any wear testing configuration is the attempt to produce specific 
tribological conditions for the initiation of wear.  Given a set of materials with definable 
geometries and a defined environment in which to place these materials, most wear 
testing configurations differ primarily in the application of specific displacement and 
loading profiles between the test material and its counterface.  These subtle differences in 
load and kinematics can often result in dramatic differences in the wear of material-
counterface combinations. In fact, it has been suggested that the kinematic condition at 
the bearing surfaces is the most dominant factor affecting the wear of UHMWPE and 
subsequently determines the type of wear process present (7, 9, 11).  Since multidirectional 
motion resulting from independent crossing pathways is representative of in vivo TKR 
kinematics (16), testing which incorporates such kinematics may result in wear 
mechanisms and behavior of increasing relevance. 
The MAX-Shear wear testing system is modeled on the original design concepts 
of a basic pin-on-flat wear testing platform.  Each of the six stations incorporates an 
upper bearing material that is attached to a pin, and a lower bearing material that is 
attached to a specimen holding plate.  The MAX-Shear wear testing system described in 
this study has incorporated the full displacement potential of the two degrees of freedom 
that are possible in the pin-on-disk configuration.  Similar to a x-y stage on a milling 
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machine, the disk is free to travel along any vector pathway underneath the pin, and is not 
limited by circular, linear or rectangular trajectories.  Complex curvature profiles that 
include changes in velocity and acceleration are possible through closed loop computer 
controlled trajectory algorithms.   These include point-to-point moves, circular arcs, 
gearing functions, velocity profiling and specific pathways that can be defined by the 
user.  
The MAX-Shear wear testing system was designed to allow the investigation of 
material performance under cross shear conditions.  Surface damage produced under 
these conditions has been implicated as an important failure mode for polyethylene when 
used as a bearing surface in total knee replacements (11, 16).  Because the issue of 
performance and failure modes under repetitive, crossing contact pathways has been 
historically overlooked but is of high relevance, this approach to testing becomes 
especially appropriate for a material under consideration for use as orthopedic bearing 
surfaces. 
The 5 pointed star pattern was used for this initial investigation to showcase the 
versatility of the systems design and to give increased statistical validity to the results.  In 
this pattern, the disc translates without rotation along a trajectory intentionally 
incorporating changes of direction which result in a path which crosses itself.  The pin 
neither translates nor rotates.  The crossing angle of 72 degrees is greater than that which 
has been currently reported in some total knee literature (between 0 and 10 degrees (67)), 
but less than that which has been used for the majority of the total hip “cross-shear” 
studies to date (namely the 90 degree rectangular pathway (78, 79, 82-84)).  Recent hip-testing 
literature has been very critical of the use of the rectangular pathway as a “representative” 
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wear pattern in total hip arthoplasty research (85).  Saikko et al. quantified wear paths in a 
single hip articulation that were described as figure eights, bent figures of eight, straight 
lines, egg shaped, non-symmetrical ovals and elliptic figures.  In contrast to the hip, total 
knee replacement wear testing is only beginning to quantify the ranges of sliding motion 
that are seen in-vivo. Although current estimates have placed the range of crossing angles 
at somewhere between 0 and 10 degrees, the methods and activities that have gleaned 
these numbers include only walking and stair-climbing activities of a single patient (67).  
In contrast, crossing angles gleaned from calculated (16) and visual (86) femoral/tibial 
contact pathway mapping of in vitro force controlled wear simulation indicates a much 
wider range of crossing angles better approximated by a 72° angle.  In addition, most 
recent literature agrees that there must be a greater inclusion of other “adverse” activities 
into total knee replacement research in order to better quantify and predict the long-range 
performance of these implants (73, 87).  These adverse activities are certain to produce 
kinematic pathways that deviate from the standards developed for total joint materials 
wear testing.  As such, the inclusion of a wider range of crossing angles, velocities and 
crossing frequencies into basic tribological investigations is needed to better understand 
the effects of these adverse conditions on the longevity of bearing materials.  As 
demonstrated in this study, the Max-Shear system is well suited to quantify the effect of 
variations in crossing angle, sliding velocity and crossing frequency on resulting damage 
of the UHMWPE surface. 
The star pattern of the contact pathway creates five central points of cross shear 
damage and substantial lengths of linear damage for evaluation.  In this study, identical 
testing conditions (velocity, load, geometry, lubricant) are maintained in the cross shear 
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and linear shear regions of interest.  This test method therefore enabled the calculation of 
a damage ratio that directly assesses the linear to cross-shear damage susceptibility of the 
material under identical testing conditions.  It is hypothesized that such a value could be 
an intrinsic measure of the material, independent of the testing condition, and possibly 
reflective of a broader material wear property.  This hypothesis is currently under 
investigation.  Validation of such a finding would have broad relevance in the field of 
wear testing and would be an important comparator for screening and evaluation of 
materials for use as orthopedic bearing surfaces. 
 
3.3.6.3 Cross Shear vs. Linear Damage – Volumetric Analysis 
 
 
Assessment of damage using volumetric analysis measures the aggregate of 
damage occurring due to both wear and creep processes.  The average cross shear-to-
linear damage ratio of 1.47 for UHMWPE indicates that damage in cross shear areas is 
accumulating at 2.94 times the rate of damage to the linear areas.  In a “simple” material, 
one which exhibits the same damage rate in both linear and cross shear damage areas, the 
ratio would theoretically be 1.0.  A ratio of 1.47 indicates that UHMWPE is being 
damaged under cross shear at a rate higher than might be expected (approximately 3 
times that of linear damage) and suggests a different mechanism for material damage 
under cross path as compared to linear contact pathways.  Accelerated failure of 
UHMWPE at the cross shear points is clearly visible in the low magnification photograph 
shown in figure 3.3.1.  Thus, the test has successfully demonstrated that damage under 
crossing contact pathways is an important failure mechanism for UHMWPE and has 
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significant implications for applications such as orthopedic bearings in which materials 
will be subject to wear under similar conditions. 
 
3.3.6.4 Comparisons with Prior  “Cross-Shear” Literature 
 
 
The current study utilized a pin-on-disk arrangement in a configuration 
resembling the physiologic condition of a metallic upper bearing surface articulating 
against a lower UHMWPE bearing surface.  To date, the authors know of no other 
investigators having reproduced this experimental design using a pin-on-disk 
arrangement under cross-shear conditions.  Thus, a direct comparison between the 
damage results seen in this study with results from other multi-directional wear testing 
results reported in the literature is problematic.  The current study has been able to 
quantify the surface damage of discrete UHMWPE surfaces that have been subjected to 
known measures of cross-shear related variables.  The cross-shear damage reported in 
this study is a direct result of a known geometry, velocity, axial load, and two discrete 
cross pathway shear vectors.  As of yet, no other investigators have been able to study the 
localized effects of any of these cross-shear variables on UHMWPE wear because of the 
averaging effects that the placement of the UHMWPE material at the pin has had on the 
wear testing results. 
Several authors have now published “cross-shear” wear testing results using 
rectangular pathways that have been generated using UHMWPE pins sliding against 
metallic plates  (78, 79, 82-84).  A comparison of these published methods with those of the 
current study highlights many fundamental issues related to the experimental modeling 
and measurement of cross-shear wear.  These rectangular pathway studies have modeled 
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so called “cross-path” motion by subjecting the UHMWPE pin surface to changes in 
sliding direction around a non-crossing, closed-loop pathway while under continuous 
loading conditions and have compared this to either reciprocating or linear sliding 
conditions.  Most of these studies describe this rectangular sliding motion as “cross-path” 
motion; although at no point do any surfaces actually cross paths during the trajectory.  
Rather, all points on the polymer surface are subjected to ~90 degree changes in 
directions between the linear motion segments that make up the rectangle.  The motion 
could more accurately be described as “change-path” or “corner-path” motion, although 
the term “multidirectional” motion is now more generally accepted.   
While this rectangular motion does induce a change in the shearing orientation of 
the polymer surface, it does so under static frictional coefficient conditions.  All changes 
of shear vector orientation occur at the corners of motion, where near-zero velocity 
conditions exist under axial loading conditions.  The current study measured high static 
frictional transients at the corner stop/start points of the 5-pointed start pattern, are in 
some ways analogous to the rectangle corners in change-path tests.  These frictional 
transients were greater in magnitude than the transients measured at the cross-shear 
locations.  The degree to which changes in shearing orientation under static conditions vs. 
dynamic sliding conditions affect the wear of UHMWPE is unclear, although it probable 
that different lubrication mechanisms and frictional coefficients are most likely 
influential in the wear process under such start/stop conditions.  This is an important 
factor considering that the classical reciprocating pathway is only subjected to two 
stop/start segments, whereas the “cross-shear” rectangular pathway is subjected to four.   
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In general, cross-shear is the condition whereby a surface is subjected to changes 
in the shear vector orientation under load.  It is theorized that changes in the shear vector 
orientation during cyclic sliding conditions induce accelerated wearing of the UHMWPE 
surface.  As such, if the effect of cross-shear on the wear of a material is to be elucidated, 
the kinematic magnitudes and orientations of all shear loading pathways must quantified 
during testing.  These kinematic variables must then be combined with known measures 
of surface friction, compressive load and material constants to develop a working 
hypothesis for how cross-shear influences the wear of materials.  For visco-elastic 
materials such as UHMWPE, it is also important to quantify the time delay between the 
two crossing events and the loading history of the surface area of interest.  If the basic 
kinematic parameters of cross-shear are not known or monitored, no direct assessment of 
the effects of cross-shear kinematics on the wear of materials can be made.  To date, all 
of the authors that have published work using rectangular motion pathways(78, 79, 82-84) 
have failed to provide a complete or even a minimal description of the kinematic 
variables that are necessary to describe the rectangular motion pathway that was used in 
their studies. Although all authors describe the shape of the motion pathway, none report 
the fundamental measures of entraining velocity, acceleration, deceleration or the dwell 
time of these rectangular motion segments, the independent effects of which may hold 
key answers to understanding the cross shear phenomenon. 
This study introduced a method whereby the influence of cross-shear on the wear 
of UHMWPE has been approached from a basic scientific standpoint.  The magnitudes 
and orientations of the kinematic variables responsible for cross-shear have been isolated 
to a single set of crossing pathways which have been defined and quantified during 
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testing.   Unlike pin-on-disk cross shear studies that place the UHMWPE material at the 
pin, the current study isolates the kinematic effects of cross-shear on the UHMWPE 
surface and can therefore examine how individual factors such as velocity and crossing 
angle effect the wear of materials. 
The rectangular motion pathway has been popularized by the clinical observation 
that it represents a simple approximation of in vivo hip surface articulating motion (49, 88), 
and by the theoretical (89) and experimental (80) observation that as the crossing angle 
during cross-shear wear increases up to 90 degrees, so to does the resulting wear rate.  
More recent research shows however that the motion pathways about which the hip and 
knee bearing surfaces are subjected to even during daily activities are far more complex 
than simple rectangular pathways (77, 85).  To date there are limited experimental results 
regarding the dependence of wear solely on crossing angle (especially at higher crossing 
angles), and current theoretical estimates of cross-path wear dependence on motion 
pathways have not been able to adequately describe the full range of experimental results 
gleaned to date using even the simple rectangular pathway model (82).    
In summary, existing approaches to the study of cross shear mechanisms and wear 
have produced valuable results which confirm the significance of the cross shear 
phenomenon and its importance to material considerations for orthopaedic bearing 
applications.  However, previous studies have tended to favor polymeric pin 
configurations, non-crossing pathways in which directional change occurs at negligible 
velocities, and uncontrolled or unspecified kinematic variables.  Each of these factors 
tend to reduce both the similarity to physiological conditions and the ability to elucidate 
the independent effect of several experimental parameters.  The design of the current 
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study introduces the ability to examine cross shear in new and specific detail by creating 
discrete areas of surface damage via crossing, independent pathways resulting from 
carefully selected and controlled geometries, velocities and axial loads.  The combination 
of this approach with material considerations and friction analysis provides a useful 
framework for the development of a detailed hypothesis of the influence of cross shear on 
materials. 
 
3.3.6.5 Scanning Electron Microscopy Analysis  
 
 
Scanning electron microscopy (SEM) analysis of the polymer specimens was 
utilized to further characterize the damage tracks and compare areas damaged under cross 
shear to those damaged during linear contact.  SEM provides higher magnification and 
much better resolution than non-contact surface profilometry, but tends to be a more 
qualitative analysis because it is unable to establish accurate differences in three 
dimensional depth.  Thus, SEM provides information which complements profilometric 
calculations. 
UHMWPE showed distinct differences between linear and cross shear portions of 
damage tracks.  Linear portions of the damage track were characterized by fibrils oriented 
in a direction parallel to motion of contact along the damage track.  In contrast, cross 
shear portions of the damage track had a markedly different appearance which varied 
depending on location within the cross shear area, ranging from the cobblestone like 
patterns with ridges aligned both parallel and perpendicular to the closest or dominant 
linear damage track, to larger smeared fibrils in the center of the cross shear area.  The 
type of material damage was clearly different between linear and cross shear areas, 
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implying different damage mechanisms in the two locations and supporting the 






The following wear processes are hypothesized to occur as a result of the motions 
and loading encountered in vivo at TKR bearing surfaces.  1) Contact induced shear in a 
principal direction causes localized alignment of poly(ethylene) chains parallel to the 
principal direction of shear.  2) This is followed by contact pathways at variable angles to 
the principal direction which generate shearing forces not aligned with the induced 
molecular orientation.  3) In combination with the decrease in wear resistance due to 
induced directional anisotropy, this “cross shear” results in accelerated surface damage.  
As a result of the wide spectrum of in vivo kinematics seen at the bearing surface, these 
effects tend to be dispersed over a relatively large damage area of the implant surface as 
compared to the much more focused regions in the current test configuration.  The 
intentional concentration of these mechanisms in the in vitro test allows investigation into 
the effects of multidirectional kinematics on friction.  The occurrence of increases in 
discrete crossing-point friction coefficients in the test suggests that similar increases may 
be occurring in vivo, albeit to a less detectable extent.  Also, the contribution of creep vs. 
wear to aggregate damage may affect the magnitude of the increases in friction 
coefficient.  Thus the relative size of the increase may indicate whether a creep or wear 
damage mechanism dominates the material behavior under cross-shear.  This 
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phenomenon (in conjunction with other directed testing using different materials) is 





The research presented in this dissertation chapter has demonstrated the 
development of a novel wear testing system which can implement complex multi-
directional motion and independent crossing pathways similar to those discrete pathways 
occurring in vivo in total knee replacements.  The MAX-Shear wear testing system was 
used to establish a direct, quantitative relationship between cross-shear and linear 
damage.  The ratio of these two measurements is an indication of the intrinsic resistance 
to cross-shear damage of the material being tested, which may be a useful comparator for 
the screening and evaluation of candidate materials for orthopedic bearing applications.  
The normalized volume loss ratio of 1.47 for UHMWPE indicates that surface damage is 
accelerated under cross-shear as compared to linear shear conditions and suggests that 
there is a fundamental difference in UHMWPE behavior in response to multi-directional 
vs. linear forces, an observation which is consistent with the visual assessment of these 
samples using scanning electron microscopy.  Now that the MAX-Shear wear testing 
system has been proven effective in the evaluation of UHMWPE wear, it can now be 
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SC-CO2 sterilized UHMWPE has comparable friction and wear properties to 
clinically relevant forms of UHMWPE sterilization, and is a tribologically viable material 





Following the successful implementation of phases 1-3 of this dissertation, phase 
4 describes the development and implementation of a formal series of wear testing 
protocols on the MAX-Shear wear testing machine to initially quantify the effect SC-CO2 
sterilization on UHMWPE wear utilizing a basic pin-on-disk wear testing format.  Two 
preliminary studies in support of this aim are first presented, namely 1) “An In Vitro 
Tribology Model for Cartilage-Hydrogel Bearing Investigations” in which the full 
potential of the MAX-Shear wear testing machine was first explored utilizing an in vitro 
experimental model for the tribological evaluation of cartilage replacement biomaterials, 
and 2) “The Effects of SC-CO2 Sterilization on the Properties of Clinically Relevant 
Polymers”, in which the feasibility of conducting a UHMWPE wear test utilizing 
polymeric-pin on metal-disk experimental set-up on the MAX-Shear wear testing 
machine was first assessed.   
Following these preliminary studies, the final UHMWPE MAX-Shear wear test is 
described, in which small cylindrical UHMWPE pins are subjected SC-CO2 sterilization 
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and compared to gamma sterilized and unsterilized control groups during a full-scale 
40km multi-axis wear test.  Measures of UHMWPE surface roughness, weight, wear 
surface appearance and surface friction were assessed throughout testing, with results 
between material sterilization groups being utilized to determine SC-CO2 sterilization 
applicability to long-term material performance.  Post wear testing analyses included 
SEM surface characterization, and microscopic sub-surface sectioning for quantification 
of surface and sub-surface macro and microscopic damage if any.  Finally, a secondary 
uni-axial testing study of the three UHMWPE sterilization groups was conducted to 
quantify the effects of sterilization on the bulk mechanical properties under investigation.  
The results of phase 4 show that the wear and mechanical performance of SC-CO2 
sterilized UHMWPE is comparable to the industry standard gamma sterilized UHMWPE 
at all levels.  Wear testing showed no significant differences between the SC-CO2 and 
gamma groups, with uni-axial testing showing that no significant differences were found 
between the mechanical properties of the SC-CO2 and unsterilized UHMWPE controls.  
These studies support the development and implementation of a full-scale implant wear 
testing model for the in-vitro wear testing of SC-CO2 as a clinically relevant sterilization 















The full potential of the MAX-Shear wear testing machine was first explored 
utilizing an in vitro experimental model for the tribological evaluation of cartilage 
replacement biomaterials.  Hemi-arthroplasty is an orthopaedic procedure in which only 
one of the rubbing articular surfaces is replaced with a biomaterial.  In this study, an in 
vitro experimental model for the tribological evaluation of cartilage replacement 
biomaterials was developed.  Small-animal articular cartilage specimens were paired with 
novel polymer bearing materials to evaluate measures of tribological importance.  The 
key objectives of the study were, 1) to design experimental fixtures, and testing methods 
to utilize small-specimen articular cartilage constructs as articulating implements during a 
wear test, 2) to enable the measurement of the coefficient of friction between the 
contacting polymers and articular cartilage during multi-directional sliding motion, and 
3) to investigate the damage mechanisms of the cartilage / biomaterial wear surfaces as a 
result of wear testing.   
These goals were attained through the development of standardized fixturing and 
alignment techniques to facilitate the use of lapine femoral heads as articulating bearing 
constructs.  Physiologically based wear testing profiles were then implemented on a 
biaxial pin-on-disk wear-testing machine to subject the cartilage-hydrogel material pair.  
Resulting frictional measures and cartilage-hydrogel wear surfaces were then 
characterized to determine the in-vivo relevance of the experimental model.  The 
successful implementation of this experimental model has established a reproducible test-
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bed from which future candidate cartilage replacement biomaterials can be evaluated and 
has proven the experimental methods needed to conduct full scale wear testing protocols 
on the MAX-Shear machine. 
 
3.4.3.1.2 Materials and Methods 
 
 
The multi-axis cross-shear (MAX) wear testing machine(90) (figure 3.4.1) was 
used to subject cartilage-hydrogel and cartilage-harder elastomer material pairs to 30Km 
(~273K cycles, 110mm/cycle) of 50mm/sec elliptical pathway sliding at 37°C under 2.5N 
of static axial load.  Standardized fixturing and alignment techniques were developed to 
facilitate the use of lapine femoral heads (~10mm dia.) as articulating bearing constructs 
(figure 3.4.2, 3.4.3, 3.4.4, 3.4.5) against flat novel polymeric and hydrogel formulations.  
Cartilage (figure 3.4.6) and material wear performance (figure 3.4.7) were assessed for 
measures of surface scarring and wear depth.  At 30Km, femoral heads were 
histologically hard-tissue processed (methylene blue and basic fuchsin) to visualize the 
articular cartilage and subchondral bone (figure 3.4.8, figure 3.4.9). Long-term frictional 




Figure 3.4.1: MAX-Shear Wear Testing Machine CAD Models And Working Test System. 
 
 
Figure 3.4.2: Lapine Femoral Head Specimens At Dissection And During Sectioning. 
 
 




Figure 3.4.4: Final Femoral Construct And Hydrogel Test Specimens Ready For Testing. 
 







Overall, the use of lapine femoral heads for the investigation of hemi-arthroplasty 
biomaterials tribology was favorable.  Mature femoral heads were found to be of the 
appropriate size and sphericity to accommodate multi-directional sliding motions, 
without the need to transect any articular surfaces.  Specimens were shown to resist 
material degradation within 3-5 days of wear testing under aseptic conditions. Cartilage-
hydrogel and cartilage-elastomer frictional coefficients ranged from 0.1-0.3 and 0.1-1 
between 0Km and 30Km of sliding (respectively).  Harder elastomer materials induced 
more rapid cartilage wear, thus increasing the resulting coefficients of friction long term. 
Softer hydrogel materials were found to wear more rapidly than harder elastomers, but 




Figure 3.4.6: Time-Lapsed Images Of Femoral Articular Wear Over Time For Wear Against The 




Figure 3.4.7: Sliding Motion Profile And Example Images Of Hydrogel Counterface Wear Over Time. 
 










A reproducible test-bed has been established from which future candidate 
cartilage replacement biomaterials can be evaluated.  Similar to the in vivo case, a 
dependant wear relationship was observed between the cartilage/material surfaces. 
Harder hemi-arthoplasy materials possess good wear resistance but do so at the expense 
of the articular cartilage surface, damaging the articular cartilage and increasing the wear 
potential of system.  Softer hemi-arthoplasy materials preserve articular cartilage 
integrity, but ultimately possess shorter service lifetimes.  Further research is needed to 
optimize the hemi-arthroplasty material properties to optimize this delicate tribological 
union between cartilage and material.  Experimental variables that were found to be of 
interest in this study included, articular geometry, uniformity of articular thickness across 
in vivo specimens, wear testing pathway and lubricant conditions during testing.  
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This preliminary study is of benefit to the development of phase 4 of this 
dissertation in the areas of multi-axis waveform development and regulation, friction 
measurement and analysis, MAX-Shear wear testing fixturing and set-up, and software 
programming during system implementation.  From this study, the full potential of the 
MAX-Shear wear testing machine was first explored during a long-term tribological 
investigation of novel biomaterials. 
 







In this preliminary study the initial feasibility of conducting a short UHMWPE 
wear test utilizing clinically relevant parameters on the MAX-Shear wear testing machine 
was assessed.  During multi-axial wear testing simulation, it is important to identify the 
material of interest from amoung the two materials that constitute the bearing coupling.  
During UHWMPE wear testing, the “wear” material of interest is invariably the 
UHMWPE, and it is therefore imperative that this surface be subjected to sliding motions 
that will generate motion pathways that are conducive to wear behaviors.  Specifically, it 
is desirable to induce cross-pathway motion conditions that generate cross-shear wear 
conditions on the UHMWPE surface at an intensity and duration of which can produce 
quantifiable measures of UHMWPE damage or wear.  In phase 3 of this dissertation, an 
experimental set-up was established in which a metal pin was slid across a UHMWPE 
disk.  In the locations in which the pin produced a cross-pathway location, the UHMWPE 
surface was subjected to isolated cross-pathway wear.  The damage sustained in this 
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isolated area was quantified utilizing surface profilometry, but it was not possible to 
extract gravimetric measures of UHMWPE material loss during testing. 
In the current preliminary investigation, the MAX-Shear wear testing machine 
was modified to place the UHMWPE material of interest at the pin, and the metal 
counterface at the disk.  With this arrangement, a new motion pathway was developed to 
allow for the generation of cross-shear conditions at the UHMWPE surface during the 
entire wear testing cycle.  In this way, it was hoped that the effect of cross-shear wear and 
sliding on the UHMWPE surface could be quantified through visual and gravimetric 
measurement.   
 
3.4.3.2.2 Materials and Methods 
 
 
To investigate the effect of sterilization technique on UHMWPE wear a multi-
axial pin-on-disk wear test was developed.  A tapered cylinder was chosen for the shape 
of the polyethylene pin (figure 3.4.10), with n=2 being ethylene oxide sterilized, n=2 
being SC-CO2 sterilized and n=2 being 2.5MRad gamma sterilized.  These pins were slid 
against polished 316L stainless steel disks (figure 3.4.11).  The MAX-Shear wear testing 
system was utilized to conduct multi-axis cross-shear wear testing (figure 3.4.12).  A 
stop/start elliptical pattern was developed, with 50 mm/sec entraining velocity and 
250mm/sec2 acceleration/deceleration transients.  Static loading of 24.52N produced an 
estimated 3MPa of contact stress at the bearing surface which was lubricated with a 50% 
bovine serum solution (+0 .2% Sodium Azide) at 37°C.  Data was collected for a period 
corresponding to 15 cycles every kilometer. The test was conducted for 10km, 
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corresponding to 93,057 cycles.  Non-contact surface profilometry, SEM, FTIR and 
gravimetric analysis were utilized to assess the UHMWPE wear of each group.   
  
Figure 3.4.10: Images Of The UHMWPE Pin And Metal Disk Arrangement For Wear Testing. 
 
  




Figure 3.4.12: Images Of The MAX-Shear Wear Testing Machine In Operation And During 






The methods and experimental hardware developed during this study proved 
effective in the investigation of UHMWPE pin wear on metal counterfaces.  The 
UHMWPE pin fixture was shown to be able to support an excess of 25N of axial force, 
with the multi-axis friction force load-cell array proving its ability to sustain the pin for 
the measurement of corresponding frictional reaction forces during testing.  Following 
10Km of wear testing, the UHMWPE pin surface retained its original machining marks, 
and showed evidence some delamination.  Neither the coefficient of friction, volume loss 
nor the roughness of the surface differed between the groups studied.  
 
  






Delamination could be observed at the tip of the SC-CO2 treated pins (figure 
3.4.13), but could not yet be quantified due to the small size of the pin and the low 
number of cycles performed.  Limited sample sizes prevented the compete assessment of 
the effects of sterilization technique on resulting wear potential, but the development of 
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the testing hardware and experimental methods will enable the future use of this testing 
system for the evaluation of long-term wear rates on UHMWPE pins.  This preliminary 
study is of benefit to the development of phase 4 of this dissertation in the areas of 
friction measurement and analysis, MAX-Shear wear testing fixturing and set-up, and 
software programming during system implementation.  From this study, the methods 
developed to conduct UHMWPE wear testing utilizing the MAX-Shear wear testing 
machine were first explored, and initial measures of surface and gravimetric wear 





The use of basic pin-on-disk wear testing methodologies for the study of 
UHMWPE wear has a long and rich history dating back to the first introduction of 
materials for use as orthopaedic bearings(91).  Before the popularization of more 
“complex” wear testing simulators for the evaluation of complete total joint devices(71), 
most all wear testing was carried out on basic reciprocating wear benches for the initial 
evaluation of biomaterials tribology.  These basic wear testing systems were affordable, 
lasting, easy to maintain and mechanically limited in function, and were therefore 
considered the mainstay of the wear testing industry.   Until the mid-1990’s they were 
considered a gold standard of initial biomaterials wear testing.  With the more complete 
understanding of the multi-directional induced nature of UHMWPE wear (10, 11) however, 
it is assumed that the use of pin-on-disk wear testing will be only undertaken with the 
greatest of care to attempt to recreate conditions that are in some way representative of 
the in vivo bearing condition.  As the previous chapters of this dissertation have shown, 
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“Cross-Shear is King”, and it is to this end that all future wear testing must be evaluated.  
To this end, Phase 4 of this dissertation expands upon the methods and instruments 
developed in Phases 1-3, and begins the process of elucidating the wear and tribological 
properties of a new UHMWPE sterilization technique for potential use in the orthopaedic 
bearing industry utilizing “cross-shear” wear testing methodologies. 
Within the orthopaedic community, sterilization by gamma irradiation is currently 
the method of choice (4). As well as being a very effective sterilant, the process possesses 
many advantages, including good penetration, good coverage, non-contacting, quick, cost 
effective, and no residual physical contamination of the implant. Recent evidence 
suggests that the cross-linking of UHMWPE polymer bearings utilizing high doses of 
gamma radiation significantly increases the wear resistance of the polymer surface (18-20).  
This has sparked a frenzy of material processing battles between companies that are 
focused on developing the ultimate polymeric material cross-linking methodology to re-
introduce into the metal-polymer design pairing.  Unfortunately, this highly cross-linked 
UHWMPE has also been shown to possess reduced toughness and fatigue resistance (21, 
22).  Increasingly, gamma irradiation of UHMWPE has been promoted as a processing 
method to enhance or alter the mechanical performance of the material, with the 
sterilization of the polymer being almost a secondary benefit of the procedure.   Usually, 
gamma irradiation must remain as a final step in the manufacturing process to insure 
sterility.  Using an alternative sterilization technique such as SC-CO2 sterilization would 
allow the material designer to decouple the sterilization technique from material 
enhancement regimen and possibly open up new material processing avenues within the 
field.  
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Supercritical carbon dioxide processing for sterilization of food and materials has 
received significant attention in recent years (24).  Besides being very abundant, carbon 
dioxide is also inexpensive, relatively inert, non-flammable, non-toxic, and 
environmentally friendly so long as it is recycled (25).  Research exploring the anti-
microbial properties of CO2 was first conducted in the 1950’s, but only in the past decade 
has the most extensive CO2 sterilization research been initiated.  A thorough review of 
SC-CO2 sterilization research published in 2003 detailed numerous studies that have 
demonstrated the ability of SC-CO2 to inactivate microorganisms under a variety of 
conditions(26).  Supercritical CO2 in particular, has been found to be highly effective at 
killing many species of microorganisms (26, 27).  SC-CO2 possesses excellent mass transfer 
properties (28) and is therefore suitable for the sterilization of devices with complex 
geometries. Furthermore, the CO2 critical point of 31.1º C and 74.8 atm can be readily 
reached using relatively simple equipment. Supercritical CO2 is also a non-polar, 
relatively inert and weak solvent, and thus low molecular weight liquid additives are 
sometimes used to enhance its solvent strength and chemical action.  Previous research 
conducted in our laboratory has led to the identification of mild conditions and additives 
at which SC-CO2 can effectively inactivate clinically relevant bacterial spores (29). These 
mild sterilization conditions are then combined with regulated depressurization steps to 
insure bulk material stability.   
Phase 4 of this dissertation assembles the methods and experimental tools 
developed in Phases 1-3 to investigate the hypothesis that SC-CO2 sterilized UHMWPE 
has comparable friction and wear properties to gamma sterilization, and is a tribologically 
viable material for TKR material applications.  Through the use of multi-axis pin-on-disk 
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wear testing, we hope to determine if SC-CO2 sterilization detrimentally alters the 
tribological properties of UHMWPE.  As such it is hoped that the results of this 
dissertation will support the continued development of SC-CO2 sterilization of 
UHMWPE and other clinically relevant biomaterials for medical devices. 
In Phase 4 of this dissertation, our research objectives were to identify any 
differences in; 1) initial wear characteristics between unsterilized, gamma irradiated and 
SC-CO2 sterilized UHMWPE utilizing multi-axis cross shear wear testing methodologies; 
and 2) to correlate these wear testing results to basic uni-axial mechanical testing material 
properties of the materials under investigation. 
 
3.4.5 Materials and Methods 
 
 
3.4.5.1 UHMWPE Specimen Preparation 
 
 
UHMWPE specimens were obtained from virgin bar stock molded GUR 1050 
UHMWPE supplied by PolyHi-Solidur, Inc. (Fort Wayne, IN).  45 small cylindrical 
tapered pins (figure 3.4.15) were machined under clean conditions from the bar stock in 
an orientation parallel to the bar-stock long axis (figure 3.4.14).  These specimens were 
then divided up into three study groups.  The first group of 15 UHMWPE samples were 
reserved as “unsterilized” controls.  The second group of 15 specimens was shipped to 
STERIS Isomedix Services (Spartanburg, SC) and gamma irradiated with a 38.4 kGy 
dose in sealed nitrogen purged polymeric bags.  The final group of 15 unsterilized 
specimens was subjected to SC-CO2 sterilization as per the pervious work of Hemmer et. 
al(92) utilizing a 250ml Thar R-250 Supercritical Fluid Reactor (Thar Technologies, Inc, 
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Pittsburgh, PA).  UHMWPE pin samples were placed in a stainless steel wire holding 
basket and then inserted into the SC-CO2 reactor, and suspended above a cotton pad 
containing 1.3 ml of 1.5% H2O2 which lay at the bottom of the reactor.  The reactor was 
sealed with a stirrer head to ensure phase mixing, pressurized with CO2 to 300 atm, and 
heated to 40º C.  These conditions were maintained for a duration of 2 hours.   At the 
conclusion of the 2 hour sterilization treatment, the system was slowly depressurized over 
a period of 15 minutes using an automated backpressure regulator (Thar Technologies).   
All UHMWPE samples were cleaned according to the  ASTM F-1715 standard 
(Standard Guide for Wear Assessment of Prosthetic Knee Designs in Simulator Devices) 
and stored in a vacuum desiccator until the start of the wear testing study. 
 
 





Figure 3.4.15: Image Of UHMWPE Pins In BS Soak. 
 
 
3.4.5.2 Metal Counterface Specimen Preparation 
 
 
Metal counterfaces were composed of 316L stainless steel bars 1 inch wide by 4 
inches long by 0.375 inches thick.  One side of these bars had previously been polished to 
an implant grade finish using a set of decreasing grit silicon carbide papers of 20, 400, 
600, 800, 1000, 1200, and 2000 on an Exakt® oscillating grinder (EXAKT VERTRIEBS 
GMBH, Germany).  All UHMWPE samples were cleaned according to the  ASTM F-
1715 standard (Standard Guide for Wear Assessment of Prosthetic Knee Designs in 
Simulator Devices) and stored in a vacuum desicator for a minimum of 14 days to insure 
gravimetric equilibrium(93) until the start of the wear testing study. 
 
3.4.5.3 Pre-Wear Testing Specimen Analyses 
 
 
Shortly before wear testing commenced, all UHMPWE pins were removed from 
the vacuum desiccator and assigned specimen designations at random.  Unsterilized 
specimens were labeled U1-U12, SC-CO2 specimens were labeled S1-S12, and gamma 
 167
sterilized specimens were labeled G1-G12.  Specimens 1-6 were designated as wear 
testing specimens, and specimens 7-12 were designated as unloaded soaked controls.  
Extra specimens from each group were held in reserve as reference controls and remained 
stored in a vacuum desiccator until needed.   
The surfaces of the UHMWPE specimens that would serve as the bearing during 
wear testing (specimens 1-6) were first quantified for measures of pre-testing surface 
roughness. A non-contact surface profilometer (NT2000, Veeco, Tucson, AZ, USA) was 
utilized to measure the UHMWPE surface roughness at 5 locations on the bearing surface 
(figure 3.4.16). The scans were taken at a magnification of 25X with cut-off areas of 215 
x 164 μm.  The roughness average (Ra), root mean square roughness (Rq), maximum 
height of the profile (Rt) and the average maximum height of the profile (Rz) were 








             
Figure 3.4.16: Schematic Of Surface Topographic Points Of Interest And Image Of Veeco Surface 
Profiler. 
 
The bearing surfaces of each specimen were then examined and photographed 
using a Meiji EMZ-TR stereoscope from Meiji Techno CoTM Ltd. (Tokyo, Japan) in 
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conjunction with a Spot Insight Color camera from Diagnostic Instruments, Inc. (Sterling 
Heights, MI).  These images were taken to assess the surface wear over time and to 
quantify any surface deformation or wear geometry during testing.  Stereoscope images 
were analyzed using the Image Pro Plus 3.5.2 Version software if needed and reference 
dimensions were provided by inclusion of a graduated ruler within the field of view. 
Just prior to wear-testing, each specimen (1-12) was gravimetrically assessed to a 
resolution of 0.1mg in triplicate.  Averages from these measures were utilized as baseline 
weights for assessment of weight loss during wear testing.  The averages from specimens 
7-12 in each group were utilized as unloaded soaked controls for correction of wear 
specimen weight gain as a result of lubricant fluid absorption during testing.  Specimens 
7-12 were placed in a wear testing lubricant at temperature for durations equivalent to the 
wear testing specimens, and were removed, cleaned dried and weighed as per the wear 
testing specimens.  Six unloaded soak control specimens were utilized for each group to 
insure reproducible results within the group. 
 
3.4.5.4 MAX-Shear Wear Testing Machine  
 
 
Multi-Axis Cross Shear (MAX-Shear) Wear Testing Machine was utilized to 
conduct the pin-on-disk wear testing for this study (figure 3.4.17).  The design, operating 
principles and performance specifications have been previously described in section 3 of 
this dissertation and elsewhere in the literature(90).   In summary the MAX-Shear wear 
testing machine is designed to impart x-y sliding motions between two surfaces.  For this 
study, preliminary investigation let to the development of a testing methodology in which 
the top surface is configured a pin construct, and the bottom surface is configured as a 
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disk.  The disk surface is translated in the x and y directions under computer control, 
while the pin surface is constrained utilizing a x-y plane load cell array.  This load cell 
array then in turn is used to calculate frictional reaction forces to sliding motion.  The 
contacting bearing surfaces under investigation are enclosed in a lubricant chamber 
which is temperature controlled.  All motion and friction data is monitored and recorded 
utilizing a computer interface. 
 
 
Figure 3.4.17: Schematic Of The Multi-Axis Cross Shear (MAX-Shear) Wear Testing Machine. 
 
3.4.5.5 Wear Testing Specimen Installation into the MAX-Shear Machine 
 
 
Three complete sets of wear testing were performed in series, with unsterilized 
UHMPWE specimens being first investigated, followed by SC-CO2 sterilized UHMPWE 
and then finally gamma sterilized UHMWPE.  For each study, six UHMPWE pins were 
installed in custom made stainless steel alignment fixtures for installation into the MAX-
Shear machine.  To aid in vertical positioning of the pins within the alignment cylinders, 
and to avoid any damage to the back surface of the UHMWPE pin during the removal 
process, a stainless steel spacer (1mm thick disk) was placed in between the polyethylene 
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pin and the tip of the 5/16’screw (figure 3.4.18).  4/40’ nylon-tipped screws were placed 
in 4 different emplacements of the cylinder in order to stabilize the pin in its receptacle. 
The cylinder was then installed into the MAX-Shear machine using a 5/16’ bolt and 
screw (figure 3.4.19). 
 
Figure 3.4.18: Schematic Of Stainless Steel Fixation Cylinder That Receives The UHMWE Pin. 
 
The stainless steel bar counterfaces were installed onto specimen holding plates 
with two stainless steel barrettes at each extremity. The barrettes’ dimensions were 2 x ¼ 
inches, 2mm thick with two 4/40’ holes.  These holding plates interfaced with the lower 
MAX-Shear wear testing machine lubricant chambers and allowed for precise 
repositioning of the bars after each testing interval (figure 3.4.19). 
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Figure 3.4.19: UHMWPE Pin Located In A Stainless Steel Cylinder Attached To The Wear Testing 
Apparatus, And Stainless Steel Plate Attached To The Testing System. 
 
3.4.5.6 Wear Testing Parameters and Environmental Conditions 
 
 
Following installation of each specimen into the six wear testing stations, 
specimen wear testing parameters were implemented.  Static weights were applied to the 
tops of each pin assembly until a total axial load of 24.39 N was calculated to be applied 
across the bearing surface of each specimen.  This axial force, combined with the 
measured pin tip diameter of 3mm was sufficient to transmit an estimated 3.45 MPa of 
contact pressure across the bearing surface according to Hertzian estimation. 
Final pin assembly dimensions were such that frictional forces produced at the pin 
tip were transmitted up to the load cell array with a moment arm advantage of 5.15 to 2 
inches with respect to the universal joint pivot point at the top of the pin assembly.  This 
produced a friction force measurement magnification factor of 2.575 which was 
incorporated into the data processing of the friction force data.  This magnification factor 
is adjustable as part of the universal design of the MAX-Shear wear testing system and 
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provides the user with the ability to magnify any frictional testing set-up to a 
measurement level of interest.  Default settings for this magnification parameter are 
approximately 2.5, with the MAX-Shear system being designed to accommodate a 
maximum testing condition of 10 pounds normal force, a coefficient of friction of 1.0, 
with load cell maximum ratings of 25 pounds.  
In accordance with the x-y translational operation of the MAX-Shear machine, an 
elliptical figure eight motion pathway was designed in which a maximum sliding velocity 
of ~50mm/sec was achieved during translation (table 3.4.1, figure 3.4.20).  Due to the 
blending algorithms of the motion control software, this velocity designation over each 
cycle was supplemented with relative decreases to ~20mm/sec during excursion to the 
ends of the elliptical figure pathway.  The pathway points utilized to produce the final 
motion pathway are displayed below.  Motor control of the axis stages are accomplished 
through closed loop optical rotary encoders.  Each encoder has a resolution of 4000 
counts per 1 motor revolution.  Each motor revolution is equivalent to 0.2 inches of table 
travel through the precision ground, zero-backlash worm gears of the stage system.  
Average total pathway sliding distance per cycle and average total travel duration per 
cycle were calculated at every 1Km interval and utilized for comparison between testing 
groups and calculation of total wear test duration.   
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Table 3.4.1: Motion Pathway Data Points Utilized For Motion Pathway Generation. 
 
Motion Pathway Programming Points
X Y X Y
(Cts) (Cts) (mm) (mm)
0 0 0 0
10000 -5000 12.7 -6.35
20000 0 25.4 0
10000 5000 12.7 6.35
-10000 -5000 -12.7 -6.35
-20000 0 -25.4 0
-10000 5000 -12.7 6.35  
 
 
Figure 3.4.20: Motion Pathway Data Points Utilized For Motion Pathway Generation. 
 
Approximately 200ml of 50% bovine calf serum lubricant solution with the 
addition of 0.2% sodium azide (NaN3) was added each testing chamber for testing.  
Lubricant chambers were controlled to 37±2°C, with lubricant being replenished with 
deionized water as needed to maintain lubricant volume during testing.  Testing motion 
parameters facilitated the completion of 10Km of sliding every 96,500 cycles in 2.5 days 
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of continuous testing.  Each set of six wear testing specimens was subjected to 40Km of 
wear testing with interim-wear testing analysis being conducted at every 10Km interval. 
 
3.4.5.7 Interim-Wear Testing Data Collection and Analyses 
 
 
Throughout testing, frictional measures of the material pairs were assessed every 
1Km during testing.  Data from 15 complete wear testing cycles was collected at 1000Hz 
and processed for measures of motion pathway and frictional coefficients over time.  
Frictional data over the pathway for each station was recorded, and average friction 
coefficients per cycle were calculated for each station.  Average friction coefficients for 
all stations were compared between testing groups for analysis of overall trends.   
Following each 10Km of wear testing, all samples were removed from their 
testing fixtures, cleaned and dried according to ASTM F-1715 and gravimetrical assessed 
as per pre-testing methods.   
Weight loss measures were utilized to calculate average weight change trends as 
well as other wear rate parameters that could be applied to characterize the material as a 
whole and those that could be applied to other parameters in the literature.  The 
UHMWPE material wear factor (k) is a parameter that is commonly utilized to quantify 
the wear rate of UHMWPE during material sliding.  Material wear factor (mm3/ N m) 
equals the recorded wear rate (mg/cycle) of UHMWPE divided by the density of 
UHMWPE (0.93mg/mm3), axial load (24.39N), and the sliding distance per cycle 
(104mm).  This wear factor typically has a range of k = 10-8 to 10-5 mm3/ N m(67, 94).  
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Each UHMWPE wear testing specimen (1-6) was then subjected to stereoscopic 
analysis to image the wear surface, and then returned to the MAX-Shear wear testing 
machine to continue the study.  
 
3.4.5.8 Post-Wear Testing Specimen and Data Analyses  
 
 
Similar to interim-wear testing analyses, at the conclusion of 40Km of wear 
testing all samples were removed from their testing fixtures, cleaned and dried according 
to ASTM F-1715 and gravimetrical assessed as per pre-testing methods.  Each 
UHMWPE wear testing specimen (1-6) was then subjected to stereoscopic analysis to 
image the wear surface.   
In addition to this, the conclusion of wear testing enabled the more invasive 
assessment of the UHMWPE wear process.  Two of each wear test specimens and two of 
each unloaded-soak controls were utilized for sub-surface microscopic sectioning 
techniques.  This microscopic analysis was performed to quantify microscopic damage to 
the wear surface and sub-surfaces (figure 3.4.21).  Approximately 5mm of the wear 
surface tip was sectioned from the bulk of the UHMWPE cylinder utilizing a laboratory 
band saw, and then this wear surface tip was imbedded in a paraffin sectioning block.  
These blocks were then sectioned utilizing a rotary microtome (Polycut E from Reichert-
Jung, Germany) in 6μm thick slices until the wear surfaces of interest were exposed.  
Sections from the near edge of the pin surface, ¼ through the diameter of the wear 
surface and ½ through the diameter of the wear surface were obtained.  Sections were 
oriented parallel to the direction of long-axis sliding on one specimen and perpendicular 
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Long Axis Wear Direction
 
Figure 3.4.21: Schematic Of Microscopic Sectioning Of UHMWPE Pins 
 
Two additional samples from each wear testing group (and one additional soak 
control) were subjected to scanning electron microscopy for the assessment of 
microscopic surface damage as a result of wear testing.  Samples were not sputter coated, 
but rather imaged under variable pressure with 3D++ or Topo 1-4 backscatter techniques 
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using a Hitachi S-3400N (Hitachi-HTA, Schaumburg, Il) variable pressure scanning 
electron microscope.  Images were obtained at magnifications between 27X (for gross 
morphology) and 10,000X (to view microscopic surface architecture at the sub-micron 
wear particle level). 
 
3.4.5.9 Secondary Uni-Axial Tensile Testing  
 
 
In order to obtain comparative material properties of unsterilized, gamma 
irradiated, and SC-CO2 sterilized UHMWPE, tensile testing was performed. Two-
millimeter thick rectangular samples were machined from an unprocessed rod of molded 
GUR 1050 UHMWPE.  One group of these samples was then gamma irradiated with a 
34-35 kGy dose in sealed nitrogen purged polymeric bags.  Supercritical CO2 samples 
were sterilized using the same procedure described above.  Dog bone specimens with a 
gage length of 20 mm, a width of 4.9 mm, and a thickness of 2 mm were cut from the 
gamma irradiated, SC-CO2 sterilized, and untreated control compression-molded sheets 
with a die following ASTM standard D5937 (figure 3.4.22). (95) A servo-hydraulic testing 
system with a 25 kN load cell (Instron 8874, Instron Corporation, Canton, MA) was used 
to perform tensile tests. Eight specimens (n=8) of each sterilization type (and the control) 
were tested to failure at a constant strain rate of 5 mm/s. The resulting stress-strain curves 
were used to determine the elastic modulus, yield stress, ultimate load, and elongation at 
break (ultimate strain). Elastic modulus was calculated from stress/strain values within 0-
0.1% strain, and yield stress was calculated at 0.3% strain. 
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Modified student’s t-tests (α = 0.05) with a Bonferroni correction factor for 
groups of 3 or more were performed to determine any statistical differences between 
control, gamma, and SC-CO2 specimen groups.   
 
       
Figure 3.4.22: Schematic Of The Dog-Bone Shaped Sample Used For Mechanical Testing And A 
Picture Of The Servo-Hydraulic Mechanical Testing System With Hydraulic Grips Used To Conduct 





3.4.6.1 Visual Observations Following Sterilization 
 
 
Following gamma sterilization of the UHMWPE pins, a noticeable yellowing 
discoloration of the bulk material was observed.  The SC-SO2 sterilization process 
produced no noticeable changes in the UHMWPE pin appearance with respect to the 
unsterilized UHMWPE pin specimens.  The SC-CO2 sterilization procedure was shown 
to scratch some of the UHMWPE pin edges during the installation and removal from the 
stainless steel holding basket.  Attempts were made to fit all UHMWPE samples at the 
same time, which necessitated a tight fit.  This was thought to have been the reason some 
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of the UHMWPE edges showed evidence of roughening.  Installation and removal of the 
pins from their pin-holder assemblies occasionally induced a small scratch to the side of 
the UHMWPE pin, but no removal of material was observed.  Fixation screws that held 
the UHMWPE pins in place within the fixtures were shown to produce indentations in the 
sides of the UHMWPE pins, but no material removal was noted.   
 
3.4.6.2 Motion Pathway Analysis 
 
 
The figure eight (or bow-tie) pathway was produced through a trajectory 
algorithm that incorporated 8 globally fixed coordinates with respect to a central home 
position.  These data points are shown in figure 3.4.23 below for comparison with the 
final motion pathway.  The final wear testing pathway measured ±23.19mm long by 
±5.24mm wide, for a calculated pathway aspect ratio (AR) of 4.42.  The spline algorithm 
utilized to produce the pathway incorporated a blending factor which enabled the 
transition from one point to the next in a continuous fashion, thereby avoiding the 
complete halting of motion between points.   Velocity blending was accomplished such 
that a maximum of ~50mm/sec was obtained at the linear motion segments, with 
decreases in relative velocity during the blending segments of the profile.  Figure 3.4.24 




Figure 3.4.23: Resulting Wear Testing Sliding Pattern Utilized During This Study. 
 
 
Figure 3.4.24: Graph Of Sliding Velocity Over The Wear Testing Cycle 
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Variations in total motion pathway distance and time per cycle were not found to 
be significantly different between the three testing groups (p>0.05).  Data for the total 
motion pathway distance and time per cycle for each study is listed below in table 3.4.2.   
 
Table 3.4.2: Total Motion Pathway Distance Snd Times Per Testing Group. 
 
Wear Testing Group Travel Distance Per Cycle 
(mm) 
Travel Time Per Cycle 
(seconds) 
Unsterilized 104.15 ± 0.13 2.285 ± 0.076 
SC-CO2 104.17 ± 0.08 2.271 ± 0.005 
Gamma 104.20 ± 0.18 2.265 ± 0.027 
 
Based on these per-cycle values, total testing times and distances were calculated, 
with a 10Km interval being chosen to be every 96,500 cycles, or approximately every 2.5 
days of continuous testing.   
 
3.4.6.3 Friction Measures 
 
 
Friction data was collected at the start of each 10Km testing interval and then at 
approximately 1Km intervals thereafter until the next 10Km interval was reached.  
Figures 3.4.25, 3.4.26 and 3.4.27 below show the three sets of average frictional 
coefficients recorded over time for each testing group.  Each graph also shows the 





Figure 3.4.25: Plot Of Average Coefficient Of Friction Values At Each Km For The Unsterilized 
Group. 
 




Figure 3.4.27: Plot Of Average Coefficient Of Friction Values At Each Km For The Gamma 
Sterilized Group. 
 
From the recorded friction data, clear trends are noted.  Firstly, the Unsterilized 
and SC-CO2 data sets both showed large changes in friction coefficients between interval 
start-up (just following a 10Km interval) and during run out to the end of the 10Km 
interval.  Both groups showed initial low values at start-up, with dramatic increases 
within the next 1Km, followed by a settling period until the end of the 10Km interval.  
The Gamma group also showed this at the beginning of the test (between 0-1Km) but the 
increase was not as severe as the Unsterilized and SC-CO2 proups, and subsequent 
restarts with the Gamma group at the 10, 20 and 30Km intervals did not show this 
dramatic increase.  Interestingly, all groups showed lower values of friction coefficients 
at the start of sliding intervals than during long-term sliding.  This is especially clear 
during periods in which the testing was halted for 1-6 hours either due to system faults or 
to coordinate the ending of testing with daytime working hours.  Examples of these 
 184
pauses in the data include Unsterilized data at 29Km, and 38Km, SC-CO2 data at 7Km, 
19Km, and 39Km, and Gamma data at 9Km, 18Km and 39Km.   During pauses in wear 
testing, all pins were lifted from their contact surfaces, but kept in the testing lubricant.    
Analysis of this friction data was broken down into three distinct datasets 
corresponding to Initial Friction Values, Peak Friction Values, and Entraining Friction 
Values for comparison between groups.  Initial friction values were taken from time 
points corresponding to the restart of testing at 0Km, 10Km, 20Km and 30Km.  
Similarly, the other datasets were taken from time points falling within the 10Km 
intervals, yield 4 sets of data from which to conduct comparisons between groups.  These 
data and groups are shown in the table 3.4.3 below. 
 
Table 3.4.3: Data Summary Of The Initial, Peak And Steady State Coefficients Of Friction Recorded 
During Wear Testing For Each Sterilization Group. 
 
Initial Sliding Coefficient of Friction Averages
           UNSTERILIZED
Distance (Km) 0.052 10.173 20.121 30.157
Station 1 0.095 0.053 0.063 0.075
Station 2 0.075 0.064 0.054 0.065
Station 3 0.112 0.063 0.054 0.059
Station 4 0.069 0.076 0.060 0.078
Station 5 0.106 0.059 0.047 0.053
Station 6 0.088 0.061 0.047 0.051
Combined
Coef. Avg. 0.091 0.063 0.054 0.063 0.068
Coef. St.Dev 0.017 0.008 0.006 0.011 0.018
         SC-CO2 STERILIZED
Distance (Km) 0.052 18.489 20.124 30.232
Station 1 0.050 0.114 0.045 0.053
Station 2 0.041 0.085 0.072 0.090
Station 3 0.053 0.108 0.055 0.060
Station 4 0.048 0.100 0.051 0.067
Station 5 0.060 0.106 0.054 0.062
Station 6 0.054 0.123 0.061 0.065
Combined
Coef. Avg. 0.051 0.106 0.056 0.066 0.070
Coef. St.Dev 0.006 0.013 0.009 0.012 0.024
       GAMMA STERILIZED
Distance (Km) 18.380 10.075 20.139 30.588
Station 1 0.121 0.093 0.076 0.078
Station 2 0.177 0.089 0.118 0.070
Station 3 0.095 0.091 0.073 0.094
Station 4 0.160 0.067 0.093 0.126
Station 5 0.109 0.088 0.074 0.089
Station 6 0.113 0.079 0.075 0.087
Combined
Coef. Avg. 0.129 0.085 0.085 0.091 0.097
Coef. St.Dev 0.032 0.010 0.018 0.019 0.028   
Peak Sliding Coefficient of Friction Averages
          UNSTERILIZED
Distance (Km) 1.070 12.068 21.408 31.464
Station 1 0.200 0.186 0.196 0.211
Station 2 0.226 0.176 0.173 0.210
Station 3 0.260 0.193 0.177 0.219
Station 4 0.126 0.165 0.156 0.180
Station 5 0.216 0.153 0.169 0.210
Station 6 0.207 0.208 0.138 0.192
Combined
Coef. Avg. 0.206 0.180 0.168 0.204 0.189
Coef. St.Dev 0.044 0.020 0.020 0.015 0.030
SC-CO2 STERILIZED
Distance (Km) 1.182 11.266 21.462 31.453
Station 1 0.233 0.175 0.221 0.185
Station 2 0.187 0.193 0.259 0.200
Station 3 0.215 0.225 0.225 0.212
Station 4 0.188 0.152 0.205 0.148
Station 5 0.210 0.124 0.199 0.208
Station 6 0.215 0.179 0.131 0.194
Combined
Coef. Avg. 0.208 0.175 0.207 0.191 0.195
Coef. St.Dev 0.018 0.035 0.043 0.023 0.032
      GAMMA STERILIZED
Distance (Km) 0.875 11.177 21.297 32.084
Station 1 0.193 0.127 0.124 0.172
Station 2 0.183 0.139 0.183 0.119
Station 3 0.205 0.185 0.132 0.119
Station 4 0.127 0.171 0.121 0.129
Station 5 0.184 0.132 0.153 0.126
Station 6 0.180 0.140 0.128 0.114
Combined
Coef. Avg. 0.179 0.149 0.140 0.130 0.149
Coef. St.Dev 0.027 0.023 0.024 0.021 0.029   
    Steady State Coefficient of Friction Averages
          UNSTERILIZED
Distance (Km) 10.172 20.102 30.157 40.157
Station 1 0.138 0.112 0.139 0.130
Station 2 0.116 0.110 0.123 0.117
Station 3 0.150 0.099 0.109 0.109
Station 4 0.131 0.103 0.109 0.110
Station 5 0.116 0.092 0.094 0.119
Station 6 0.112 0.107 0.107 0.111
Combined
Coef. Avg. 0.127 0.104 0.114 0.116 0.115
Coef. St.Dev 0.015 0.007 0.016 0.008 0.014
        SC-CO2 STERILIZED
Distance (Km) 10.049 20.105 28.424 40.207
Station 1 0.118 0.128 0.112 0.132
Station 2 0.102 0.133 0.146 0.162
Station 3 0.114 0.148 0.124 0.136
Station 4 0.113 0.130 0.099 0.136
Station 5 0.126 0.126 0.113 0.124
Station 6 0.111 0.152 0.117 0.118
Combined
Coef. Avg. 0.114 0.136 0.119 0.135 0.126
Coef. St.Dev 0.008 0.011 0.016 0.015 0.016
      GAMMA STERILIZED
Distance (Km) 10.069 20.143 30.701 40.036
Station 1 0.160 0.145 0.149 0.119
Station 2 0.131 0.154 0.118 0.104
Station 3 0.111 0.123 0.105 0.085
Station 4 0.105 0.167 0.163 0.122
Station 5 0.143 0.147 0.116 0.107
Station 6 0.096 0.109 0.106 0.115
Combined
Coef. Avg. 0.125 0.141 0.126 0.109 0.125
Coef. St.Dev 0.025 0.021 0.024 0.013 0.023  
 
Single Factor ANOVA (Alpha = 0.05) analysis of the data determined that 
although no significant differences were found between the groups for Steady-State 
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coefficients of friction, there were significant differences between groups for both Initial 
and Peak coefficients of friction.  A statistical summary of these findings is listed in table 
3.4.4  below.  For initial values, Gamma UHMPWE has statistically higher coefficients 
of friction than Unsterilized and SC-CO2 sterilized UHMWPE.  For Peak friction values 
however, all three groups are statistically different from one another, with SC-CO2 
showing the highest values, followed by Unsterilized and then finally Gamma. 
 
Table 3.4.4: Statistical Analysis For Differences Between Sterilization Groups For The Measures Of 
Initial, Peak And Steady State Coefficients Of Friction. 
 
 
Anova: Single Factor for Initial Coefficients of Friction Anova: Single Factor for Peak Coefficients of Friction Anova: Single Factor for Steady-State Coefficients of Friction
SUMMARY SUMMARY SUMMARY
Groups Count Sum Average Variance Groups Count Sum Average Variance Groups Count Sum Average Variance
U 24 1.626891 0.067787 0.000311 U 24 4.54563 0.1894 0.00091 U 24 2.763118 0.11513 0.000201
S 24 1.676411 0.06985 0.000586 S 24 4.68542 0.19523 0.00103 S 24 3.020671 0.125861 0.000243
G 24 2.339406 0.097475 0.000757 G 24 3.58496 0.14937 0.00084 G 24 3.000498 0.125021 0.000533
ANOVA ANOVA ANOVA
Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit
Between Groups 0.01319 2 0.006595 11.96369 3.46E-05 3.129644 Between Groups 0.02991 2 0.01495 16.096 1.83E-06 3.129644 Between Groups 0.00171 2 0.000855 2.624199 0.079724 3.129644
Within Groups 0.038037 69 0.000551 Within Groups 0.06411 69 0.00093 Within Groups 0.022476 69 0.000326
Total 0.051227 71 Total 0.09402 71 Total 0.024185 71
T-Test p-value Statistics T-Test p-value Statistics T-Test p-value Statistics
(α = 0.05) vs U S G (α = 0.05) vs U S G (α = 0.05) vs U S G
U  -  -  - U  -  -  - U  -  -  -
S 0.764995  -  - S 4.10E-01  -  - S 0.033083  -  -
G 1.93E-05 0.004611  - G 2.09E-06 1.34E-06  - G 0.087992 0.894459  -   
 
 
In Summary, Gamma UHMWPE was shown to have higher initial frictional 
values than the other groups, but did not exhibit large increases in frictional values as was 
evident in the other two groups.  Unsterilized and SC-CO2 UHMWPE exhibited similar 
frictional trends, with low initial values, large increases post-startup (+1Km) followed by 
a settling period out to steady-state frictional values between 5-10Km within each testing 





3.4.6.4 Stereometric Images 
 
 
Stereometric imaging was conducted at each 10Km interval for all UHMWPE pin 
surfaces during testing.  The result of this analysis was a time-lapsed pictorial summary 
of the surface wear condition of each pin over time.  In addition, stereometric images 
were taken at two magnifications (~2x and ~4.5x) to enhance the visual analysis and 
provide detailed images of the near-wear surface morphology.  All images included a 
calibration standard with 1/100th of an inch (0.254 mm) divisions for reference.  All 
images were taken with the pins oriented such that the long-axis of the figure-eight 
pathway was near-horizontal in the image.  An example image of a wear surface is shown 
belowin figure 3.4.28 and was taken from the 10Km interval of SC-CO2 specimen 1.  
Notice the indication of residual machining marks from the pin fabrication process 
located at the 4 through 6 o’clock position.  Also evident in this figure are clear wear path 
orientated ~±30 degrees from horizontal as indicated by the red lines drawn on the figure.   
Although each pin surface was subjected to multi-axis cross shear that traversed an entire 
figure eight pathway, the surface effects of the two dominant sliding directions that make 
up the forward and reverse components of the figure eight long axis can be readily seen 
on most of the images taken during testing.  Also of note on this image are the presence 
of smooth polished areas, rougher grainier areas, edge effects and the occurrence of 




Figure 3.4.28: An Example Image Of A UHMWPE Pin Wear Surface Taken From The 10Km 
Interval Of SC-CO2 Specimen 1. 
 
The clarity of the representative image above was obtained though careful 
placement of the illumination point sources at angles near coincident with the camera 
objective.  As the light sources were moved further to the sides of the specimen, the 
clarity of the surface architecture became muted, until ultimately, the entire specimen 
surface appeared smooth and unblemished even though the light sources were only 1-2 
inches from where they were originally placed.  An example of the exact same specimen 
with varying light source locations is shown in figure 3.4.29 for illustration purposes.  
From this it must be stressed that proper illumination of UHMWPE wear surface is 
essential for the accurate assessment of surface architecture. 
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Figure 3.4.29: Effect Of Point Light Source Location On Resulting Wear Surface Image. 
 
Figures 3.4.30 through 3.4.35 that follow show the pictorial summary for each of 
the three wear testing groups over time.  Care was taken to set-up each light source 
configuration only once for each time-series such that the exact same lighting 
configuration was used between all specimens during any one time interval.  Multiple 
users of the imaging equipment necessitated the realignment of the lighting configuration 








Figure 3.4.30: Pictorial Summary Of The Unsterilized UHMWPE Pin wear Surfaces For Each 
Specimen Over Time At ~2.5X. 
 
Figure 3.4.31: Pictorial Summary Of The Unsterilized UHMWPE Pin wear Surfaces For Each 




Figure 3.4.32: Pictorial Summary Of The SC-CO2 Sterilized UHMWPE Pin Wear Surfaces For Each 
Specimen Over Time At ~2.5X. 
 
Figure 3.4.33: Pictorial Summary Of The SC-CO2 Sterilized UHMWPE Pin Wear Surfaces For Each 




Figure 3.4.34: Pictorial Summary Of The Gamma Sterilized UHMWPE Pin Wear Surfaces For Each 
Specimen Over Time At ~2.5X. 
 
Figure 3.4.35: Pictorial Summary Of The Gamma Sterilized UHMWPE Pin Wear Surfaces For Each 




 The Unsterilized images show a propensity of the wear surface to produce grainy 
protuberances throught the wear testing experiment.  A general trend is seen whereby 
these protuberances decrease in size and frequency over the course of the wear test, 
giving way to more areas of the wear surface becoming smoother and polished in 
appearance by the 40Km interval.  The 10Km interval images clearly show the residual 
presence of the machining dimple (in or out) at the center of the specimen, with this 
dimple being completely absent by the 30Km interval in all specimens. 
For the SC-CO2 images, surface protuberances are also seen although they were 
generally smaller in size and frequency than those of the Unsterilized specimens.  More 
of the wear surface area could be characterized as polished, with isolated protuberances 
oriented in the long axis wear directions.  No residual surface machining dimples were 
evident at the 10Km interval, although some residual machining marks were still noted at 
10Km.  
The Gamma images show wear surface morphology that was the most distinct 
between the three UHMWPE groups.  Gamma surface images showed a lack of raised 
protuberances although the surface could be characterized as bumpy with a smooth 
finish.  In general no long-axis oriented protuberances were observed, except for the 
isolated scratch, perhaps as a result of third body wear.  Machining mark dimples were 
evident at 10Km of wear but were no longer observable at the 20Km interval.  By 40Km 
of wear, the bumpy surface features gave way to a smoother, more polished surface 
finish, free of any protuberances that were seen in the other two groups.  
A resolution analysis was performed to determine if the measurement of apparent 
surface wear area could be utilized to estimate the volume loss at the UHMWPE tip as a 
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result of presumed wear.   The software image analysis process yielded a linear 
measurement resolution of 1 in 760 pixels at a full screen size.  Image magnification that 
captured the entire wear surface incorporated ~ 14/100th of an inch for scale comparison.  
This yielded a 1 pixel resolution of ~0.0047 mm.  From these calculations, changes in 
measured pin tip diameter of 0.0047mm could be utilized to calculate incremental loss of 
pin tip volume based on changes in the relationship between tip diameter and tapered pin 
tip volume. 
The tapered tip of the cone can be modeled as a frustum of a right circular cone, 
with its volume (V) equal to the equation below.    The gross dimensions of the 
UHMWPE specimen were a nominal 3mm original wear surface area diameter, with a 
tapered pin tip of 60 degrees.  As such, the relationship between the measurements R, r 
and h in the equation below are based on the equation; h = (R-r) / (cos 60°), with r being 
equal to the original pin tip radius, and R being equal to the worn pin tip radius. 
  
 
Figure 3.4.36: Equation For The Volume Of The Frustrum Of A Right Circular Cone. 
 
As the wear surface depth progresses, the edge of the wear surface oscillates 
between the peaks and valleys of the lathed machining marks of the original cylinder 
(figure 3.4.36).  From the original topographic analysis, these machining marks are seen 
to be ~0.002 inches (0.0508 mm) wide, with a comparable corresponding estimated depth 
on the cylinder surfaces.   From these variations in pin edge features, it is possible that 
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Diameter Variation Due to 




Figure 3.4.37: Schematic Of The Machining Artifacts That Influence The Calculation Of Wear 
Surface Volume. 
 
Finally, utilizing a nominal UHMWPE material density of 0.93mg/mm3 and an 
assumed starting wear surface diameter of 3mm, a relationship between change in 
measured wear surface diameter and calculated weight loss can be calculated.   
Therefore, of the calculated software resolution of measurement of 0.0047mm, a 
minimum weight increment of 0.033mg could theoretically be approximated.  However, 
from the variations in pin cylinder edges of ±0.0508 mm a corresponding error in weight 
measurement of ±0.356mg would exist.  This means that all measurements taken could 
be accurately conducted, but that the result would be subject to a potential error that was 
an order of magnitude more than the measurement itself.  Once more, the potential of 
±0.356mg of error in the weight calculation is 3.56 times as great as the resolution of the 
scale being utilized for the direct assessment of pin weights during this study.  From this 
it was concluded that the assessment of estimated weight loss through the calculation of 
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volumetric change based on pin surface wear diameter was could not enhance the results 
of this study.  
 
3.4.6.5 UHMWPE Weight Loss 
 
 
All UHMWPE pin weights were taken three times in series to account for any 
variations in scale measurement.  No variations greater than 0.0003 grams were noted 
throughout the study for any series of measurements per specimen.  The average from 
these 3 measurements were then utilized for all subsequent gravimetric analyses.  The 
table below shows the 3 iteration average measures for all specimens and testing intervals 
during testing.  These values are followed by the calculated gravimetric differences from 
0Km of all specimens and testing intervals.  These difference values are plotted in figures 
3.4.38, 3.4.39 and 3.4.40 below for each UHMWPE group.  
The values from all 6 soaked control specimens were averaged and then utilized 
to offset the individual measures from each of the 6 wear testing specimens. 
 
Table 3.4.5: Three Iteration Average Raw Weight Measures For All Specimens And Testing 
Intervals During Testing. 
 






Table 3.4.6: Average Differences In Weight Measures For All Specimens And Testing Intervals 
During Testing In Comparison To The Start Of Testing. 
 
   
 
 
All UHMWPE pins produced relatively little changes in weight over the course of 
the 40Km wear study (figure 3.4.37, 3.4.38, 3.4.39).  Overall, the soaked controls did not 
exhibit more than 1mg of weight gain, and the wear test specimens did not loose more 
than 1mg of weight over the entire 40Km study.  The resolution of the scale utilized in 
this study was 0.1mg.  The initial testing group (Unsterilized UHMPWE) showed that 
this resolution might be of concern for the statistical assessment of weight change during 
testing.  This statistical concern was monitored by calculating the statistical difference in 
weight changes between the soaked control and wear test groups at each 10Km interval 
until statistical differences were obtained.  At 10Km, 20Km, 3Km and 40Km the 
statistical differences between (students t-test, alpha=0.05) the soaked control and wear 
test pins was found to be p=0.05166, 0.04134, 0.06058 and 0.01030, respectively, 
showing that an increase in sliding distance to 40Km was sufficient to insure a reliable 






Figure 3.4.38: Average Weight Change Measures For The Unsterilized UHMWPE Specimens Over 
Time. 
 





Figure 3.4.40: Average Weight Change Measures For The Gamma Sterilized UHMWPE Specimens 
Over Time. 
 
Interestingly, the unsterilized UHMWPE group ended up showing the most 
statistical variation in gravimetric measures during testing.  The wear test specimen 
weight loss ranged from near 0mg to over 1mgand the soak controls weight gain ranged 
from near -0.1mg to about 0.4mg.  Overall, the SC-CO2 UHMWPE group showed the 
least standard deviations in weight change between test specimens, yielding a strong 
weight change trend for both the wear test and soaked control groups.  The Gamma 
UHMPWE group also showed good agreement between test specimens, although the 
overall weight loss/gain trends tended to change over the course of testing.  The 0-10Km 
and 30-40Km trends showed relatively little weight loss, whereas the 10-20Km and 20-
30Km trend showed substantially more weight loss.  As will, it was noted that two of the 
six Gamma UHMWPE specimens showed relatively higher weight loss trends than their 
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counterparts, possibly was a result of the appearance of metal counterface scratches at the 
between the 10-20Km interval. 
 
Table 3.4.7: Final Total Weight Change Measures Of All Groups Tested. 
 




Figure 3.4.41: Plot Of Final Total Weight Change Measures Of All Groups Tested. 
 
 
Final soak control corrected weight change measures (table 3.4.7) were first 
utilized to calculated per 10Km weight loss trends.  These values showed the 
Unsterilized, SC-CO2 and Gamma UHMWPE to lose 0.18 ± 0.14 mg,  0.22 ± 0.16 mg, 
and -0.20 ± 0.18 mg per 10Km interval respectively (figure 3.4.41).  No statistical 
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differences between any of these group averages were found (p>0.2).  Weak statistical 
differences in total weight changes at specific wear testing intervals were noted between 
individual UHMWPE group pairs.  Table 3.4.8 below shows the p values for these 
comparisons, with a Bonferroni correction factor placing a p=0.016 value for assessment 
of statistical significance. 
 




Finally, each specimen weight change during testing was subjected to linear 
regression to calculate wear or soak rates over time.  The individual rates for the wear 
specimens were then corrected using the soak control rate average, and then averaged to 
yield the average specimen wear rate per Km during testing.  The resulting per-Km wear 
rate for the Unsterilized, SC-CO2 and Gamma UHMWPE groups was  -9.4E-06 ± 7.5E-
06 grams,  -1.3E-05 ± 2.8E-06 grams and  -1.1E-05 ± 3.5E-06 grams per Km.  None of 
these groups were statistically different from one another (P>0.3).  
The UHMWPE wear factors were calculated based on the average total weight 
loss at 40Km for each group, and the wear testing parameters of 104.17mm travel per 
cycle, 386,000 total cycles at 40km, 24.39N of axial loading and a UHMWPE density of 
0.93mg/mm3.  For the Unsteriized, SC-CO2 and Gamma groups the UHMWPE wear 
factor was found to be 7.66E-07 ± 3.31E-07 mm3 / N m, 9.79E-07 ± 1.26E-07 mm3 / N 
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m, and 8.75E-07 ± 2.65E-07 mm3 / N m, respectively.  No significant differences 
between group pairs were found (P>0.2). 
 
3.4.6.6 Surface Roughness Analysis 
 
 
Non-contact surface roughness analysis was conducted on the expected wear 
surfaces of the UHMWPE pins before the start of testing, but after the sterilization 
treatments had been completed.  During this analysis, it was noted that there were two 
distinct machining patterns that were found across specimens, without preference to one 
group or another.  The first pattern consisted of machining grooves that were spaced 
more closely together, with 50um peak to peak machining grooves that were 
approximately 3um deep.  The second pattern consisted of machining grooves that were 
farther apart, with approximately 100um peak to peak with machining grooves 
approximately 5um deep.  From the stereometric analysis at 0Km it can be seen that the 
Unsterilized, SC-CO2 and Gamma groups had combinations of each type of machined 
surface.  These machined surfaces were produced while all specimens were still 






Figure 3.4.42: Topographic Analysis Graphs Of SC-CO2 And Gamma UHMWPE Pin Surfaces 
Showing Different Machining Surfaces Between Individual Surfaces 
 
In Addition, UHMWPE raised dimples were noted on most machined surfaces at 
the center of the pin tip (figure 3.4.43).  This machining chad was a result of the terminal 
lathing increment whereby the cutting material is forced from the surface bulk, pulling 
away and leaving a raised protuberance.  Some of these chads were significantly larger 
than others across specimens, with ranges from 65 to 24 microns in height, but there were 
no correlations between material groups.  As a result of these chads, images that included 
the central portion of the surface were excluded from average surface roughness 
calculations for the 0Km analysis. 
Figures 3.4.44-3.4.46 below are pictorial summaries of representative sets of 















Figure 3.4.44: Topographic Analysis Graphs Showing Representative Images From The Unsterilized 
UHMWPE Pin Surface. 
 
 
Figure 3.4.45: Topographic Analysis Graphs Showing Representative Images From The SC-CO2 




Figure 3.4.46: Topographic Analysis Graphs Showing Representative Images From The Gamma 
Sterilized UHMWPE Pin Surface. 
 
Results from this surface roughness analysis at 0Km showed the SC-CO2 
specimens to be statistically rougher than that of the Unsterilzed and Gamma specimens 
for measures of Ra, Rq, Rt and Rz, although the magnitude of this difference was not 
considered to be of concern to the wear study.  All groups were well within the common 
roughness value ranges (500-1500um) that have been seen in this lab from machined 
UHMWPE total joint replacement specimens from industry.  No statistical differences 
were noted between the Unsterilized and Gamma groups.  The tables below summarize 
the roughness values and statistical results of these findings. 
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Surface roughness analysis was also conducted for the 316L stainless steel plates 
at 0Km.  Three points were measured per plate with the results of the six plates used 












Table 3.4.11: Roughness Measurements Of Stainless Steel Plates Before Wear Testing. 
 
Title Ra (nm) Rq (nm) Rt (nm) Rz (nm) 
SS-sample1-pt1 4.4 5.7 82.4 68.3 
SS-sample1-pt2 4.3 5.7 82.5 67.9 
SS-sample1-pt3 4.6 6.2 75.6 62.4 
SS-sample2-pt1 4.5 5.9 86.4 66.6 
SS-sample2-pt2 4.0 5.4 92.0 73.3 
SS-sample2-pt3 4.1 5.4 84.5 66.1 
SS-sample3-pt1 4.4 5.4 39.9 36.4 
SS-sample3-pt2 4.4 5.9 92.7 68.5 
SS-sample3-pt3 4.8 6.3 85.7 68.7 
SS-sample4-pt1 4.5 5.9 102.4 74.7 
SS-sample4-pt2 5.1 6.7 98.0 76.1 
SS-sample4-pt3 4.0 5.4 79.9 64.7 
SS-sample5-pt1 4.4 5.9 83.6 71.0 
SS-sample5-pt2 3.8 5.1 82.9 61.3 
SS-sample5-pt3 4.8 6.3 133.4 81.1 
SS-sample6-pt1 4.2 5.6 71.4 61.9 
SS-sample6-pt2 3.8 5.1 78.7 63.8 
SS-sample6-pt3 4.6 6.1 78.0 67.2 
 
avg 4.4 5.8 85.6 66.3 
std dev 0.4 0.5 21.8 11.1 
 
The roughness average was 4.4 ± 0.4 nm.  Some small scratches could be seen 
across specimens but these observations were consistant across specimens. 
Surface roughness analysis after the start of wear testing was not possible due to a 
hardware failure of the non-contact surface profilometer that was in use.  Specific 
attention was paid to the results of the stereometric analysis and SEM analsyis to 






3.4.6.7  UHMWPE Sectioning Analysis 
 
 
At the conclusion of wear testing, two wear tested UHMWPE pins and two soak 
control UHMWPE pins were taken from each group and subjected to subsectioning and 
analysis.  The soak control specimens were utilized to study he effect of the sterilization 
method on the surface and bulk microstructure of the UHMWPE, and the wear test 
specimens were utilized to study the effect of surface wear on the damage to the surface, 
sub-surface and bulk of the UHMWPE between the different groups.  Of specific interest 
to the analysis were 1) the possible effects of the sterilization process to changes in the 
crystalline vs amorphous composition of the UHMWPE, 2) the possible effects of the 
sterilization process on the surface micro-architecture of the UHMWPE materials, and 3) 
the possible effects of wear testing on the surface and sub-surface of the UHMPWE and 
how this is affected by the sterilization technique. 
The paraffin embedding material that was used during the sectioning process was 
found to be bi-refringent to a much greater degree than the UHMWPE itself.  As such, 
the sectioning and slide-mounting technique attempted to minimize the inclusion on the 
embedding material on the final microscopic section.  To do this, all sections were cut 
perpendicular to the wear surface to avoid smearing any pariffin from the block onto the 
UHMWPE at this surface (although this was not seen as a concern in general).  All 
sections were taken directly from the microtome without the use of tape transfer 
techniques, as it was seen that the tape transfer technique captured flakes of paraffin and 
adheared them to the final slide.  All sections were then floated in a cold water bath, as it 
was seen that a warm water bath melted the paraffin and created a paraffin film on the 
final slide and UHMWPE section.  Finally, all paraffin embedding material was teased 
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away from the UHMWPE section while in the cold water bath and only the UHMWPE 
slice was transferred to the microscope slide in an attempt to minimize the appearance of 
the bi-refringent paraffin in the final microscope image. 
The use of the polarizing filter to visualize the microstructure of the UHMWPE 
was very successful, and enabled the collection of images that showed the effects of 
sterilization, machining and wear on the microstructure of the UHMWPE.  The use of a 
blue filter was not found to enhance the analysis, other than to provide a visually 
appealing tone to the overall analysis.  The figure 3.4.47 shows the visual effect of the 
addition of a blue filter to the black and white images that would be typically seen 
through the microscope.  Note the presence of grain boundaries in the consolidated 
UHMWPE bulk, the smooth wear surface oriented vertically in these pictures, and the 
presence of blade sectioning artifact lines that run vertically through the bulk.  In general, 
the direct visualization of microscopic sections viewed through a basic microscope by 
eye were far superior to the images that were recorded via computer.  Subtle distinctions 
in UHMWPE mirco-architecture did not record well, although logged images were 
deemed sufficient to document the general findings of the analysis.  The color 
enhancement of the blue filter images with a negative filter (rendering the image in the 
orange-yellow domain) was found to be of minor assistance in the descrimination of 




Figure 3.4.47: Visual Effect Of The Addition Of A Computational Blue Filter To The Unprocessed 
Black And White Images Of The UHMWPE Sections. 
 
Of specific note was the effect of image detail that could be observed with subtle 
changes in polarizing angle.  Change in the relative angle of the two polarizing objectives 
of less than ± 5 degrees produced significant changes in image intensity, contrast and 
color.  The sequence of images shown in figure 3.4.48 illustrate the effect of a shift in 
polarizing angle from approximately – 5 degrees to + 5 degrees from the neutral 
polarizing orientation at 90 degrees on the same image of bulk SC-CO2 sterilized 
UHMWPE.  The second series (figure 3.4.49 and 3.4.50) shows a comparison of the 
effect of polarizing angle on the imaging of the three different groups.  These images 
were porduced by maintaining the polarizing angle and microscope set-up while only 







was needed to minimize the effect of microscope software settings on the resulting 
image, especially when attempting to compare between sterilization groups.  
 
 
Figure 3.4.48: Effect Of A Shift In Polarizing Angle From Approximately – 5 Degrees To + 5 Degrees 




Figure 3.4.49: Effect Of Polarizing Angle On UHMWPE Microscopic Imaging Showing A One-To-




Figure 3.4.50: Effect Of Polarizing Angle On UHMWPE Microscopic Imaging Showing A One-To-
One Comparison Between UHMWPE Sterilization Groups Utilizing A NEGATIVE Computational 
Blue Filter. 
 
Figure 3.4.51 shows representative images of UHMWPE cross sections from 
locations near the wear surface of the material.  In general , were were no significant 
occurances of strain induced material reorientation were observed any of the wear test 
specimen surfaces, regardless of sterilization group.  Evidence of large gradients of strain 
induced reorientation can clearly be seen at the machined edges of each specimen, with 
these mechanical events occuring prior to sterilization.  Examination of the strain induced 
reorientation that is present at the bandsaw edge and those that are produced as a result of 
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sectioning as artifact from the blade are clear indicaitons that this type of reorientation 
could have been observed had it occurred.  Thse observations also show that strain 
induced reorientation occurred with similar severity between the different sterilization 
groups under these conditions.  Again however, no strain induced reorientation (either at 
the surface or sub-surface) was evident on any of the wear surfaces studied. 
 
 
Figure 3.4.51: Polarized Light Microscopic Images Of UHMWPE Slices Showing The UHMWPE 
Bulk And Wear Surfaces (Comparison Between UHMWPE Sterilization Groups Utilizing A 
Computational Blue Filter At 10X). 
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Of specific interest to this analysis was the observation of crystalline vs 
amorphous regions in the UHMPWE.  Analysis of bulk UHMWPE images from the three 
groups (figure 3.4.49 and 3.4.50) shows that the Gamma group exhibited relatively 
smaller grain sizes and the increased occurance of birefringent areas of UHMWPE than 
the Unsterilized and SC-CO2 material.  Gamma UHMWPE showed a uniform 
distribution of birefringent areas dispersed throughout the bulk which tended to be of 
comparible size to those of adgacent non-birefringent areas.  The SC-CO2 UHMWPE 
bulk did show intermittent concentrations of birefringence that were of similar size to that 
of the Gamma concentrations, although in the case of the SC-CO2 material, these 
concentrations were far fewer and more disperse within the non-birefringent areas of the 
material.  The Unsterilized UHMWPE bulk did not show significant areas of birefringent 
concentrations, although all groups showed birefringence dispersed within the bulk with 
higher intensities at the grain boundaries.  
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Figure 3.4.52: Polarized Light Microscopic Images Of UHMWPE Slices Showing The UHMWPE 
Bulk And Wear Surfaces (Comparison Between UHMWPE Sterilization Groups Utilizing A 
Computational Blue Filter At 40X).  
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3.4.6.8  SEM Images 
 
 
Scanning electron microscope imaging was used to supplement the microscopic 
and stereometric analyses for the visual assessment of UHMWPE surface damage and 
wear during testing.  Two UHMWPE pin surface from each group were imaged along 
with a 5 soak specimen to serve as a control (from the Gamma group).  Low 
magnification SEM images (27x) were taken of each specimen surface (figures 3.4.53, 
3.4.54, 3.4.55) to provide visual reference and to assess gross morphology.  The long axis 
wear pattern direction is oriented left to right in the pictures at 27X.  As can be seen in 
figures 3.4.53 – 3.4.55, although these 27X images are detailed, even the SEM images do 
not provide the level of gross surface morphology detail that the stereometric images can.  
The detailed placement of point light sources using the stereometric imaging is at an 
advantage even over the use of backscattering detectors that can shift the point of 
backscatter collection from side to side during the SEM analysis.  None-the-less, these 
SEM images serve as an excellent standard and visual reference for the more detail 
images that follow. 
 
      
Figure 3.4.53: SEM Images Of Gamma Sterilized Specimens G4 And G5 At 27X Showing Gross 
Surface Morphology. 
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Figure 3.4.54: SEM Images Of SC-CO2 Sterilized Specimens S3 And S4 At 27X Showing Gross 
Surface Morphology. 
    
Figure 3.4.55: SEM Images Of Unsterilized Specimens U3 And U4 At 27X Showing Gross Surface 
Morphology. 
 
From these orientation images, detailed assessment of the wear surfaces at the 
completion of the wear testing was undertaken.  Three characterizations were undertaken.  
First, an assessment of the wear surfaces at the near edges of the pin surfaces was 
conducted.  Second, images of wear surface protuberances (raised features) that were 
evident in the stereometric images were taken to assess the origin and morphology of 
these structures.  Third, images of the bulk wear surfaces were assessed under low 
magnification and then at maximum resolution to examine sub-micron surface 
morphology and damage it any. 
 219
Images from the first assessment of the wear surfaces at the near edges of the pin 
surfaces are shown in figures 3.4.56 through 3.4.61 below.  In general, these images were 
collected at 350X and provide sufficient detail to examine the mechanisms by which 
UHMWPE material is being removed from the surface at the bulk/edge interface.  As can 
be seen from the images in figure 3.4.58, as the relatively smooth wear surface 
approaches the machined edge there is a transition region wherein sometimes large fibrils 
of machined material are being released from the bulk.  The undulating machined edges 
provide ample lips and depressions of material from which the advancing wear surface 
can cut away trailing or overlapping lips of UHMWPE material.  In this way, it could be 
hypothesized that an examination of UHMWPE wear debris from such a process would 
show evidence of large fibrils not at all characteristic with the actual bulk wear surface.  
From these edge images, it is unclear if this edge-expulsed material gave rise to the noted 
protuberances in the stereometric images.  Evidence of their association with third body 
wear is seen from these images (figure 3.4.56), however only in the Gamma images from 
which clear scratching of the UHMWPE surface can be seen to originate from the edge of 
the material and progress inwards onto the surface. 
   
Figure 3.4.56: SEM Images Of Gamma Sterilized Specimen G4 At 350X Showing Pin Edge 
Morphology. 
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Figure 3.4.57: SEM Images Of Gamma Sterilized Sp. G5 At 350X Showing Pin Edge Morphology. 
    
Figure 3.4.58: SEM Images Of SC-CO2 Sterilized Sp. S3 At 350X Showing Pin Edge Morphology. 
    
Figure 3.4.59: SEM Images Of SC-CO2 Sterilized Sp. S4 At 350X Showing Pin Edge Morphology. 
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Figure 3.4.60: SEM Images Of Unsterilized Sp. U3 At 350X Showing Pin Edge Morphology. 
    
Figure 3.4.61: SEM Images Of Unsterilized Sp. U4 At 350X Showing Pin Edge Morphology. 
 
Images of wear surface protuberances (raised features) that were evident in the 
stereometric images are seen in a few of the edge images above (figures 3.4.58-3.4.61).  
In general, these protuberances were found to be visually adhered to the wear surface, 
with no clear origin or endpoint, no delaminating edges or distinct regions of attachment 
to the edges of the specimen.  What is clear, both from the stereometric and SEM images 
is that these protuberances are being influenced by the wear testing pathway in that they 
are oriented in the direction of pathway sliding.  It is not clear, however, if they are being 
deposited or revealed during this sliding process.  A few additional images are provided 
in figures 3.4.62 to detail the morphology of these protuberances, with the larger image in 
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figure 3.4.62 clearly showing a protuberance which is being intimately influenced by the 
tail edge of the bowtie pathway. 
 
    
 
Figure 3.4.62: Additional Smaller Images Of Protuberances From S4 (Top Left) And U9 (Top Center 
And Right), With The Large Image Showing The Relationship Between Wear Pathway Profile And 
Protuberance Orientation (From G5). 
 
Finally, images of the bulk wear surfaces were taken to assessed the general and 
detailed wear surface morphology.  Shown below in figures 3.4.63-3.4.65 are 
comparative images of the wear surfaces taken at different resolutions.  The 3,000X 
images show the general polished wear surfaces of the three groups, with very little noted 
differences between groups.  The detailed images at 10,000X are more than sufficient to 
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examine detail at the sub-micron level and provide evidence that very little if any 
fissuring, or adverse sub-micron damage is occurring with any of the material groups 
tested. 
 
    
   
Figure 3.4.63: SEM Images Of Gamma Sterilized Specimen G4 (Top) And G5 (Bottom) At 3K (Left) 
And 10K (Right) Showing General Polished Wear Surface Morphology. 
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Figure 3.4.64: SEM Images Of SC-CO2 Sterilized Specimen S3 (Top) And S4 (Bottom) At 3K (Left) 
And 10K (Right) Showing General Polished Wear Surface Morphology. 
   
   
 
Figure 3.4.65: SEM Images Of Unsterilized Specimens U3 (Top) And U4 (Bottom) At 3K (Left) And 
10K (Right) Showing General Polished Wear Surface Morphology. 
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3.4.6.9  Uni-Axial Tension Testing 
 
 
Uniaxial tensile testing was conducted utilizing UHMWPE material from the 
same bulk lot as that of the UHMWPE wear testing pins, but not from the same 
sterilization processing lots as those used for the pin wear tests.  Relatively minor 
differences in sterilization processing between the tensile testing and wear testing 
specimens were noted.  The Gamma wear testing specimens were irradiated with a 38.4 
kGy dose in sealed nitrogen purged polymeric bags, whereas the tensile testing 
specimens were irradiated with a 34.0-35.3 kGy dose in sealed nitrogen purged polymeric 
bags.  Conditions for SC-CO2 sterilization were the same although the two groups were 





Figure 3.4.66: Raw Uni-axial Testing Data Showing Load-Deformation Curves For The Unsterilized, 
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Figure 3.4.67a-f.  Results Of The Uni-Axial Tensile Test Af ASTM Based Small Dog-Bone Samples, 
Length 40mm, Gage Length 20mm, Gage Width 5 mm, 2mm Nominal Thickness At 5 mm/sec Strain 
Rate To Failure. 
 
With mechanical testing, no statistical differences were found between the virgin 
and SC-CO2 sterilized specimens (p>0.05).  As expected, gamma sterilization was found 
induce a higher elastic modulus (p=0.0063 and p=0.0084) and higher yield stress 
(p=0.0048 and p=0.0049) when compared to virgin and SC-CO2 sterilized UHMWPE, 
respectively.  Gamma sterilization was also however shown to have a lower ultimate 
strain (p=0.0072 and p=0.0041) and lower toughness modulus (p=0.0082 and p=0.0051) 
than both virgin and SC-CO2 sterilized UHMWPE, respectively.  No statistical 
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differences were found between the three groups for the measure of Ultimate Stress and 
Ultimate Load at break. 
 
Table 3.4.12:  A Comparison Of Calculated Uni-Axial Tension UHMWPE Mechanical Properties 




3.4.7  Discussion 
 
 
The work contained in this chapter was conducted in support of the hypothesis 
that SC-CO2 sterilized UHMWPE has comparable friction and wear properties to 
clinically relevant forms of UHMWPE sterilization, and is a tribologically viable material 
for TKR material applications. 
The experiments and procedures detailed in this chapter are based on a foundation 
of experimental techniques and parameters that were developed in phase 1-3 of this 
dissertation.  These include the investigation of motion parameters relevant to UHMWPE 
wear testing for application in TKR devices, the development and elucidation of contact 
sliding parameters for application to the tribological investigation of UHMWPE bearing 
wear, and finally the design, development and implementation of multi-axis cross shear 
wear testing systems for the investigation of UHMWPE wear.   
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The preliminary research detailed at the beginning of this chapter clearly indicate 
that the MAX-Shear wear testing machine as a versatile and robust system with which to 
investigate the tribological potential of novel bearing systems and material formulations.   
From these preliminary investigations, the final development and implementation of a 
formal series of wear testing protocols on the MAX-Shear wear testing machine to 
initially quantify the effect SC-CO2 sterilization on UHMWPE wear utilizing a basic pin-
on-disk wear testing format was relatively seamless, with only the minor modification of 
a few testing parameters and experimental analysis.  The SC-CO2 investigation presented 
here was successful in significantly expanding upon the depth and complexity of the 
secondary analysis utilized to investigate the effects of sterilization on UHMWPE wear.  
These included the gravimetric, frictional, stereometric, SEM and microscopic analyses 
of the UHMWPE wear testing material, with the single goal of determining the whether 
SC-CO2 sterilized UHMWPE has comparable friction and wear properties to clinically 
relevant forms of UHMWPE sterilization, and whether it is a tribologically viable 
material for TKR material applications 
Frictional measures taken during the 40Km wear test give a positive indication 
that SC-CO2 sterilized UHMWPE has comparable frictional properties to that of Gamma 
sterilized UHMWPE for general measures of initial and steady-state sliding coefficients 
of friction.  Significant differences were noted however in the propensity of the SC-CO2 
sterilized and Unsterilized UHMWPE to produce increased frictional coefficients 
between 0-1Km of initial sliding in comparison to the Gamma UHMWPE.  These 
increases could be hypothesized to be a result of material reorientation after initial restart, 
with changes in material orientation possibly leading to material removal, surface 
 230
geometric alteration, and roughening of the UHMWPE bearing interface.  This 
hypothesis is supported by the stereometric findings that show the SC-CO2 and 
Unsterilized UHMWPE pin surfaces have raised protuberances that are oriented in the 
long axis direction of sliding.  These protuberances are mixed with areas of polished wear 
surface, whereas the Gamma UHMWPE surfaces are largely free of protuberances and 
show a more uniformly polished surface.  In opposition to this hypothesis is the finding 
that the SC-CO2 and Unsterilized UHMWPE did not show a significant increase in 
gravimetric wear with respect to the Gamma UHMWPE.  It could be expected that 
significant material reorientation that is sufficient to increase the measured coefficient of 
friction during testing would lead to significantly elevated levels of material removal 
which was not the case.  None-the-less, there was a positive correlation between 
measured friction during testing and an increase in observed geometric protuberances 
during the stereometric analysis.  This in itself however would not be cause to consider 
SC-CO2 sterilized UHMWPE to be an unacceptable candidate for TJR bearing 
applications.  
As was mentioned in the previous paragraph, no statistical differences were noted 
between the wear rates of three groups tested to 40Km.  It was expected that the Gamma 
sterilized UHMWPE would wear less than that of the Unsterilized UHMWPE and that 
these two groups would serve as controls for the assessment of the SC-CO2 sterilized 
UHMWPE specimens.  As per the initial experimental protocol, the Unsterilized 
specimens were wear tested first, yielding a baseline wear rate.  The  SC-CO2 specimens 
were wear tested second, and showed a slightly greater wear rate trend that was 
statistically higher than the Unsterilized group after 20Km of testing,  Finally, the 
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Gamma specimens were wear tested, with initial 10Km interval wear rates showing a 
very promising initial wear rate that was less than both the Unsterilized and SC-CO2 
groups.  Unfortunately, the 20Km and 30Km interval wear rates increased dramatically, 
placing the overall weight loss of the Gamma group at these intervals to be greater than 
both the Unsterilized and SC-CO2 groups.  Following this, the 40Km interval data for the 
Gamma group returned to a very low wear rate that was found to be the least recorded for 
any group at any interval during the study.  It could be hypothesized that the 20Km and 
30Km Gamma interval data were “run-in” wear or that the observed scratches on the 
metal counterfaces of two Gamma specimens artificially increased the wear rates for 
these intervals.  In fact, the removal of the two highest wearing Gamma specimens from 
the 20Km and 30Km intervals, do in fact shift the overall Gamma wear rate trend to be 
less than that of the Unsterilized group.   
It is however more probable that the 40Km wear test was not sufficiently long 
enough to determine the long-term wear rates of the systems under study to statistical 
certainty, or that the wear rates of the system were simply too low to determine any 
statistical significance, regardless of the duration of the study.  As will be seen in chapter 
5 of this dissertation, the full-scale examination of SC-CO2 sterilized and Gamma 
sterilized UHMWPE tibial inserts during walking cycle simulation did not produce 
statistical differences between the two wear rate datasets until 3 million cycles of wear.  
If we assume a TKR wear path sliding distance of 15mm per cycle, it can be estimated 
that 3 million cycles of wear would be equivalent to 45Km of sliding.  As such,  it could 
be hypothesized that a 40Km multi-axis pin-on-disk wear study that maintained average 
sliding velocities and contact pressures would not even approach statistical significance 
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between groups at only 40Km of wear testing.  Still, a 40Km pin-on-disk wear test is a 
significant investment of time, equipment and expense, and it serves a vital role as a first 
approximator of wear rates and tribological function for novel biomaterials.  
A power analysis of the wear rate data obtained from this study indicates that it 
would take over 26 specimens per group to yield significant differences between groups 
given the observed standard deviations of ±0.0002 grams, and a per group mean 
difference of only ±0.0002 grams to an alpha of 0.05 with a desired power of 0.9.  
Justification of the specimen numbers used in this study is given by the observation that a 
simple increase in the per group mean difference to only ±0.0005 grams with 
maintenance of the  ±0.0002 grams standard deviations observed in this study shows that 
a power of 0.9 with an alpha of 0.05 can be obtained with only n=6 specimens.  It could 
be expected that an increase in metal counterface roughness or alteration in lubricant 
formulation might enable this change in mean wear rate, and enhance the results of future 
pin-on-disk studies. 
The concerns raised over the low wear rate values in the previous discussion are 
countered by the observation that the wear factor calculations for this study are rather 
comparable to experimental UHMWPE wear factors found in the literature(81, 82, 94).  For 
our testing, the Unsterilized, SC-CO2 and Gamma wear factors were found to be 7.66E-
07 ± 3.31E-07 mm3 / N m, 9.79E-07 ± 1.26E-07 mm3 / N m, and 8.75E-07 ± 2.65E-07 
mm3 / N m, respectively.  Depending upon the wear testing conditions, UWMPE wear 
factors can range from k = 10-8 to 10-5 mm3/ N m(67, 81, 82, 94), and so it is not the case that 
the wear testing conditions employed in the current study are unrealistic, although such a 
large range of wear factor values would be difficult to fall outside of.  The comparison of 
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in vitro UHMWPE wear testing studies between laboratories and testing equipment is 
exceedingly difficult however, and it is to this end that the “wear factor” measure was 
introduced.   For UHMWPE, a material wear factor (mm3/ N m) equals the recorded wear 
rate (mg/cycle) of UHMWPE divided by the density of UHMWPE (0.93mg/mm3), axial 
load (24.39N), and the sliding distance per cycle (104mm).   
A wear factor therefore is intended to supply the experimentalist with a method to 
compare wear testing results between studies that might possess differences in the 
dependant upon the variables listed above.  As can be seen above, the wear factor is a 
measure that is intimately linked to the wear rate with the experimental variables of axial 
load, and distance per sliding cycle being incorporated into the calculation of wear factor.  
As recent evidence has shown however, the wear rate of UHMWPE (and thus wear 
factor) is in turn dependent upon not only the distance of sliding, but also the multi-axis 
nature of the pathway(80, 94).  As such it is important to place reported “wear factor” 
results in to context with respect to the multi-axis pathway with which it was produced.  
To this end, it is simple and unfortunate to find that the measure of “wear factor” may 
ultimately be of no greater use than that of wear rate, as it is just as susceptible to 
differences in wear testing method as its base value. 
There is hope however, as research into the relationship between pin-on-disk wear 
testing pattern and resulting UHMWPE wear factor has shown there to be a linear 
relationship between the pin-on-disk multi-axis wear pattern length-to-width ratio and the 
resulting wear factor(94).  From these studies, it has been shown that for standard gamma 
sterilized UHMWPE an empirical relationship between wear factor (k) and wear pattern 
length-to-width aspect ratio (AR) is as follows: k=1.86 x 10-6 (AR)-0.49.  Notice that this 
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equation does not have any other variables associated with it other than the sliding pattern 
aspect ratio.  For our study, the AR was equal to 4.42, which according to this calculation 
would yield an expected wear factor of k=8.98E-07 (mm3/ N m).  As can be seen from 
our data, the Unsterilized, SC-CO2 and Gamma wear factors were found to be 7.66E-07 ± 
3.31E-07 mm3 / N m, 9.79E-07 ± 1.26E-07 mm3 / N m, and 8.75E-07 ± 2.65E-07 mm3 / 
N m, respectively, placing them exceedingly close to the expected result of this empirical 
formula.  It must be noted that the empirical formula above is based on compression 
molded GUR 1020 bar-stock which was machined into pins, gamma-irradiated at 25-40 
kGy in nitrogen and worn against Cobalt-Chromium alloy disks with an average surface 
roughness of 14±3 nm (experimental parameters which are similar to our study). 
As a final caveat to the issue of motion pathway, there is added deliberation as to 
the precise pathway shape that occurs during contact sliding and the resulting wear 
intensity that occurs.  Whereas the empirical formula above consolidates the wear factor 
calculation into one measure of wear pattern aspect ratio, others have decomposed the 
relationship of wear factor and pathway into precise accumulations in pathway changes in 
sliding orientation over the wear testing cycle(67) utilizing computational methods.  After 
all, the basic tenant of “cross-shear” theory is the effect of changes in pathway sliding 
direction on resulting wear rate(10).  From these computational methods, a normalized 
crossing intensity (σ*) is established for any sliding pathway over time, with respect to a 
constant velocity circular sliding pathway (the most extreme crossing intensity pathway 
known).  As an example, a circular sliding pathway would have a σ*=1, with ellipses of 
increasing aspect ratio of 1.33, 2, 4, 10 and 20 having normalized crossing intensities of 
σ*= 0.82, 0.59, 0.3, 0.12, and 0.06 respectively.  This means that a motion pathway that 
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has an aspect ratio of 4 can only expect to have 0.3 times as much wear produced as a 
motion pathway that traces a true circle.  The application of this computational 
methodology to the experimental data from the empirical formula gives a base-point from 
which to apply the normalized crossing intensity to the data from this study.  Based on 
the time-point history of the bow-tie motion pathway utilized for the current study, a 
normalized crossing intensity of σ*=0.252 is obtained.  This yields an expected wear 
factor of k = 4.69606E-07 mm3 / N m, which places a lower bound on the experimental 
data obtained in this study.  This is a result of the observation that a bow-tie pathway is 
actually a less severe motion pathway than a circular ellipse in that it does not incorporate 
a full 360 degrees worth of sliding vectors in its application of fictional force to the 
material.  As such a lower wear rate would be expected. 
Measures of UHMWPE and 316L stainless steel surface roughness brought to 
light the need to more carefully monitor the initial machining protocols that are utilized 
during the fabrication of UHMWPE samples to be subjected to surface wear testing.  
Variations in machining finish were observed between individual samples, and it is 
unclear if this was a result of changes in machining parameters or tooling during the 
fabrication process.  Regardless, it could be recommended that all UHMWPE pin 
surfaces be microtomed before the initiation of wear testing to standardize initial wear 
testing surface architecture.  Overall however, these machining variations were not 
shown to influence the types or wear produced or the rates of initial wear that were seen 
at the 10Km interval vs subsequent interval wear rates within groups.  Typically, “run-in” 
wear is seen at the first testing interval, wherein higher rates of wear are observed as the 
machining marks are more rapidly removed as a result of higher contact stresses, and 
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residual surface damage as a result of strain induced damage of the machining surface 
layer.  No significant evidence of run-in wear was seen of any group during this study, 
with SC-CO2 and Unsterilized groups showing only slightly elevated initial wear rates. 
It was perhaps the case that the 316L stainless steel plates utilized in this study 
were too polished for a wear study intending to determine the significant difference 
between materials that were shown to possess significant differences in tensile elastic 
modulus, yield stress and ultimate strain.  The initial surface roughness average (Ra) of 
the metal surfaces was less than 5nm, with the average surface roughness of orthopaedic 
grade cobalt-chromium femoral components being more typically 30-50nm.  The use of a 
very smooth metal counterface during this pin-on-disk study would minimize the wear 
related conditions upon which abrasive wear as a result of UHMWPE material strain, 
elongation and yield would occur.  It could be hypothesized that a rougher metal 
counterface would have produced more definitive findings for this study, and it is at least 
recommended that future pin-on-disk studies consider rougher metal counterfaces for the 
initial assessment of novel polymer wear rates.  
The microscopical UHMWPE sectioning analysis and results support the 
hypothesis that the wear observed during this study was not as severe as it could have 
been.  The wear surfaces of all groups were virtually free of residual surface strain at the 
surface and in the sub-surface.  It is clear that aggressive forms of wear and surface 
damage produce such evidence of surface and sub-surface strain induced reorientation 
from the observation of the original machined surfaces and the surfaces that were cut 
with a band saw during sectioning preparation.  The absence of any residual surface 
strain or sub-surface reorientation , coupled with the clear evidence of material loss 
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through the gravimetric and stereometric results clearly indicates that a most mild form of 
abrasive polishing was occurring.  It could be hypothesized that local surface induced 
strain was so mild as to limit the effects of known differences in mechanical performance 
on the resulting wear rates observed during this study.  As an example, if the limiting 
factor affecting the wear rate of the UHMWPE was directly linked to ultimate elongation, 
but the severity of this effect was less than the conditions that were found to produce 
statistical differences between material groups, then it is possible that the overall effect of 
this limiting factor would be lost in the result of the wear test. 
Overall, the results of phase 4 show that the wear and mechanical performance of 
SC-CO2 sterilized UHMWPE is comparable to the industry standard gamma sterilized 
UHMWPE at all levels.  Wear testing showed no significant differences between the SC-
CO2 and gamma groups, with uni-axial testing showing that no significant differences 
were found between the mechanical properties of the SC-CO2 and unsterilized 
UHMWPE controls.  These studies support the development and implementation of a 
full-scale implant wear testing model for the in-vitro wear testing of SC-CO2 as a 
clinically relevant sterilization technique for UHMWPE in total knee replacement 
devises. 
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Note: The preliminary study presented in section 4.3.1 is included with permission from 
Styker Orthopaedics.  All content has been previously approved from publication and 
presentation of this work at the 2006 Biomedical Engineering Society Conference(96). 
 
Note: The preliminary study presented in section 4.3.2 is a summary of work conducted 
by Natholie Destrubé in fulfillment of the requirements for a MS degree in 
Bioengineering at Clemson University under the supervision on John DesJardins and 
Martine LaBerge(29).  The information listed below is intended to represent a brief 
summary of the methods and results obtained by Natholie Destrubé in collaboration with 
John DesJardins during the completion of this research. 
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3. 5 Phase 5: The Full-Scale TKR Wear Testing of SC-CO2 Sterilized UHMWPE 






SC-CO2 sterilized UHMWPE tibial inserts are tribologically comparable to 





Phase 5 of this dissertation investigates the effects of SC-CO2 sterilization on the 
wear rate of UHMWPE utilizing a full-scale total knee replacement (TKR) implant 
design.  To conduct this study, a research collaboration with an industry orthopaedic 
partner was first established and a set of clinically successful UHMWPE components was 
obtained for simulator wear testing.  Under agreement from the industry partner, the goal 
of the study was to compare SC-CO2 sterilized UHMWPE TKR inserts with that of the 
industry standard sterilization method.  Based on the results of kinematic analyses 
conducted in Phase 1 of this dissertation, and subsequent preliminary investigations the 
effect of SC-CO2 and Gamma sterilization on the wear rates of UHMWPE pins in Phase 
4 of this dissertation, a 5 million cycle wear study was conducted comparing SC-CO2 
sterilized UHMWPE tibial plateaus with gamma irradiated plateaus.  Gravimetric 
analysis revealed that the gamma irradiated specimens wore slightly less, most likely due 
to the cross-linking effect associated with gamma irradiation.  A comparison of wear 
particle size between the gamma irradiated and SC-CO2 sterilized groups revealed no 
statistically significant differences.  Surface analysis using both non-contact profilometry 
and scanning electron microscopy revealed no differences in terms of wear tracks or 
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surface topography.  The results reported here indicate that SC-CO2 sterilization does not 
adversely affect the long-term wear mechanics of UHMWPE.  As such, this viable 
alternative for the sterilization of UHMWPE orthopedic device components could one 
day find widespread use in the orthopaedic market. 
 
3.5.3 Preliminary Studies 
 
 
3.5.3.1 Development of a clinically relevant TKR simulator lubricant 
 
 
In this preliminary study, a full-scale TKR wear testing simulation was conducted 
on a clinically successful TKR design to evaluate the effect of lubricant constituents on 
the wear rate of the TKR systems over time.  The experimental model used in this study 
made use of the culmination of seven years of wear testing protocol development and 
evaluation and served to validate the ability of the simulator to determine significant 
differences in TKR wear tribology during long term wear testing (figure 3.5.1).   During 
this study, an industrial partnership with Sulzer Orthopaedics (Winterthur, Switzerland) 
was initiated and strengthened with the procurement of implant components for academic 
research purposes.   
In this study, osteoarthritic and periprosthetic synovial fluid samples were 
rheologically and biochemically compared to develop a hylauronic acid (HA) 
supplemented bovine serum (BS) lubricant that mimicked the properties of human joint 
synovial fluid.  The effect of this BS+HA lubricant (50% bovine calf serum + 1.5g/l HA) 
on the wear rate of ultra-high molecular weight polyethylene (UHMWPE) during a total 





Figure 3.5.1: The Force-Controlled Wear Testing Simulator Was Used As A Test-Bed For The 
Evaluation Of Wear Tribology As A Result Of Changes In Lubricant Composition.  
 
In conjunction with biochemical similarities, the rheological analysis showed that 
the BS+HA lubricant viscosity was statistically similar to aspirated total knee arthoplasty 
(TKA) revision joint fluid viscosity over a range of physiologic shear rates.  Gravimetric 
results at 5 million wear testing cycles showed that the BS+HA lubricant produced and 
average of 6.88 times more UHMWPE wear than 50% bovine serum lubricant alone.  
The BS+HA lubricated CoCr femoral component surfaces revealed pitting and surface 
roughening (figure 3.5.2) that was not observed using standard bovine serum only 
lubricants, but that was similar to the metallic surface corrosion observed on in vivo 
CoCr femoral component retrievals.  These findings support the hypothesis that the 
addition of HA to simulator lubricant is capable of producing CoCr femoral component 
surface damage similar to that observed in vivo.    The results from this investigation 
support the hypothesis that this wear testing model could be used as an appropriate test-
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bed for the evaluation of wear rates and tribology as a result of differences in UHMWPE 
sterilization technique. 
 
   
 
   
 
Figure 3.5.2. These Representative Topographic Images (52.2x Magnification, 118x90 μm FOV) 
Show Evidence Of Pitting On CoCr Femoral Component Surfaces From A Well Functioning Clinical 
Retrieval, Similar To That Seen With The BS+HA Lubricant Tested CoCr Femoral Component 
Surfaces. 
 




In this preliminary study, the initial effects of SC-CO2 processing on the long-
term weight changes of UHMWPE were explored, and compared these weight changes to 
SC-CO2 sterilized UHMWPE tibial insert soaked control weight changes to be used 
during total knee replacement (TKR) wear testing.  For this study, 4 groups on n=4 
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UHMWPE pucks were utilized as follows: Group 1 was Unsterilized and stored under 
vacuum  Group 2 was unsterilized and stored in 50% bovine serum (BS) (+0.2% NaN3).  
Group 3 was SC-CO2 (+1.3ml 1.5% H2O2) sterilized and stored in vacuum, and Group 4 
SC-CO2 sterilized and stored in bovine serum.   
These groups were compared to the weight change trends of 4 UHMWPE 
unloaded soaked control tibial inserts (NexGen CR, Zimmer, Inc., Warsaw, IN) to be 
utilized as part of a 5 million cycle TKR wear study.  All SC-CO2 sterilized pucks 
statistically increased in weight immediately following SC-CO2 processing and then 
rapidly began loosing weight within the first 24 hours (figure 3.5.3).  Complete recovery 
of initial weights was not achieved until at least 14 days post sterilization (figure 3.5.4).   




























































Figure 3.5.3:  SC-CO2 And Unsterilized UHMWPE Soaked Control Weight Changes Between 0 And 
400 Hours Of Testing. 
 
This study showed that SC-CO2 sterilization significantly affected the weight of 
UHMWPE and that significant CO2 off-gassing continued to occur up to 340hrs 
following sterilization.  After complete SC-CO2 specimen off-gassing, the material did 
not exhibit any characteristic lubricant uptake up to 87 days (4 million cycles) indicating 
a characteristic change in UHMWPE absorption mechanisms from that of standard 
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UHMWPE lubricant soaked controls.  This study demonstrated the importance of 
accurately quantify the gravimetric changes in UHMWPE specimens as a result of SC-
CO2 processing during wear testing.  This preliminary study was a critical step toward the 
full implementation of the SC-CO2 sterilization protocol on clinically relevant UHMWPE 
TKR wear testing specimens. 
 






























Figure 3.5.4:  SC-CO2 And Unsterilized UHMWPE Soaked Control Weight Changes Showing BS 






Ultra high molecular weight polyethylene (UHMWPE) is the current material of 
choice for the production of tibial plateaus for total knee arthroplasty (TKA) devices.  
This material serves as both an articulating and load bearing surface, and as such is 
subject to high compressive and shear stresses and friction-induced wear(97). The current 
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gold-standard sterilization method in the orthopaedic device industry for UHMWPE TKA 
components is gamma irradiation(98). However, an ongoing debate exists concerning the 
advantages and disadvantages of gamma sterilized UHMWPE(99, 100).  On the one hand, 
gamma sterilization has been shown to induce cross-linking, which increases the wear 
resistance of UHMWPE(98, 99, 101).   On the other hand, there is evidence that the cross-
linking process leads to a reduction in toughness of UHMWPE, as well a reduced 
resistance to both fatigue and crack propagation(100, 102).  Furthermore, gamma irradiated 
polyethylene may produce an increased proportion of wear particles in the size range 
known to stimulate macrophage activation, thereby increasing the risk of osteolysis(103). 
Production of such wear particles warrants additional concern, as osteolysis has been 
established as the most significant cause of long-term problems in both total hip and knee 
arthroplasties(104).   
Gamma sterilization, whether in air or in an inert environment, has been shown to 
cause changes in tensile properties of UHMWPE(105).  Both chain scission and cross-
linking can occur as a result of UHMWPE irradiation.  The degree to which each of these 
phenomena occurs depends upon the environment in which the irradiation takes place.  
Data suggest that cross-linking is the principal effect during irradiation in nitrogen, while 
chain scission is foremost during irradiation in air(106).  Following irradiation in air, 
tensile strength has been shown to decrease, while elongation to failure has been shown 
to increase, most likely due to oxidative degradation(105).  Irradiation in an inert 
environment has fewer effects on tensile properties, but can also decrease elongation to 
failure.  It has been suggested that this phenomenon is due to the degree of cross-linking 
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that occurs during irradiation in an inert environment,(105) thereby inhibiting motion of 
polymer chains during tensile loading(107).   
Ethylene oxide (EtO) has also been considered as a sterilizing agent for 
UHMWPE joint replacement components(108, 109).  The general consensus drawn from 
these studies is that EtO-sterilized UHMWPE exhibits higher levels of wear than gamma-
sterilized UHMWPE.  Furthermore, the well known carcinogenic and environmental 
effects of EtO have, in recent years, raised concerns over its use as a sterilizing agent(110).   
Having demonstrated the effectiveness of the SC-CO2 sterilization procedure 
against resistant bacterial spores, the next phase of the research, which is described here, 
was aimed at determining what effects, if any, this SC-CO2 sterilization process had on 
the long-term wear properties of UHMWPE utilizing a full-scale TKR wear testing 
platform.  Given the concerns surrounding the effects of gamma irradiation on 
UHMWPE tensile properties and wear particle size mentioned above, it was hypothesized 
that SC-CO2 would have fewer detrimental effects on UHMWPE material properties, and 
would therefore be a viable alternative sterilization process.  Specifically, our objectives 
were to identify any differences in; 1) wear characteristics between gamma irradiated and 
SC-CO2 sterilized UHMWPE tibial inserts in vitro; and 2) wear particle size between 







3.5.5 Materials and Methods 
 
 
3.5.5.1 Tibial Component Sterilization 
 
 
Two sets of UHMWPE (Compression Molded GUR 1050) tibial plateaus  
 (NexGen CR, Zimmer, Inc., Warsaw, IN) were utilized during this study.  The first set 
(n=4) was gamma irradiated in an inert nitrogen environment with a 25 – 37 kiloGray 
(kGy) dose (10kGy = 1MRad) by the manufacturer prior to receipt.  The second set (n=4) 
was received from the manufacturer in an unsterilized state.  These unsterilized plateaus 
were then sterilized on site using supercritical carbon dioxide SC-CO2 with added 
hydrogen peroxide (H2O2) in a 250ml Thar R-250 Supercritical Fluid Reactor (Thar 
Technologies, Inc, Pittsburgh, PA).  For each of the SC-CO2 sterilization treatments 
performed, 2 tibial plateaus were placed into a stainless steel mesh basket with their 
backsides adjacent to one another as shown in Figure 3.5.5.  The basket was then inserted 
into the SC-CO2 reactor, and suspended above a cotton pad containing 1.3 ml of 1.5% 
H2O2 which lay at the bottom of the reactor.  The reactor was sealed with a stirrer head to 
ensure phase mixing, pressurized with CO2 to 300 atm, and heated to 40º C.  These 
conditions were maintained for a duration of 2 hours.   At the conclusion of the 2 hour 
sterilization treatment, the system was slowly depressurized over a period of 15 minutes 




Figure 3.5.5:  SC-CO2 Sterilization Chamber (Left); Tibial Plateaus (Right) Used In The 5 Million 
Cycle Wear Test. 
 
3.5.5.2 Wear Testing 
 
 
Following sterilization, two of the SC-CO2 sterilized implants and 2 of the 
gamma-sterilized implants were used as fetal bovine serum unloaded soak controls, while 
the remaining two implants from each sterilization group were installed for wear testing 
to 5 million gait cycles at 1 Hz on a force-controlled knee joint simulator 
(Instron/Stanmore Knee Joint Simulator, Instron, Canton, MA) according to the methods 
outlined by DesJardins, et al. (6) and in accordance with the proposed international 
standard ISO-14243(50). In vivo capsular constraints were simulated with 20N/mm AP 
and 0.27Nm/deg. axial rotational (IE) springs, and 500ml of 50% (+0.2%NaN3, Fisher 
Scientific: S227-100) bovine calf serum lubricant (HyClone, Logan, UT) was recirculated 
into the testing chambers for each station. The tibial inserts and baseplates were aligned 
in 0° anterior/posterior (A/P) tilt, 0° varus/valgus tilt, and no internal/external rotational 
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offset with respect to the femoral flexion axis, with no A/P or medial/lateral axial loading 
offset.  The femoral component flexion/extension axis was then selected to minimize the 
proximal/distal translation (femoral surface “camming”) of the femoral bearing surfaces 
during flexion between 0-60 degrees according to DesJardins et al. (6)  At every 0.5 
million cycles, the lubricant was replaced and gravimetric wear measurements were 
taken.  Weight loss measurements were corrected with respect to the weight change 
recorded from the unloaded soak control implants.  Statistical differences in wear 
performance measures between gamma and SC-CO2 sterilized implants were assessed 
using students T-tests with α=0.05 (n=20).   
 
3.5.5.3 Surface Analysis 
 
 
Non-contact surface profilometry (NT2000, Veeco, Tucson, AZ, USA) was 
performed on the UHMWPE tibial plateaus and cobalt-chromium (CoCr) femoral 
components to examine the surface roughness of the worn bearing surfaces. For the 
UHMWPE, surface roughness measures were taken at 0, 1 and 5 million cycles, and for 
the femoral components, surface roughness measures were taken at 0 and 5 million 
cycles..  The measurements were taken at eight random locations on the wear surfaces at 
magnifications of either 25X or 50X with cut-off areas of 215 x 164 μm or 118 x 90 μm 
depending upon the region of interest. The average roughness (Ra), root-mean-squared 
roughness (rq), peak-to-valley roughness (Rt) and normalized peak-to-valley roughness 
(Rz) values were calculated for each component.  Additional surface analysis for 
characterization of wear modes was performed on both gamma irradiated and SC-CO2 
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sterilized specimens using a Hitachi S-3400N (Hitachi-HTA, Schaumburg, Il) variable 
pressure scanning electron microscope.   
 
3.5.5.4 Wear Particle Analysis 
 
 
Wear particle isolation from SC-CO2 and Gamma UHMWPE lubricants were 
collected at 1 and 4 million cycles, and conducted using the hydrochloric acid (HCl) 
digestion method [5]. Previously frozen serum samples were thawed, vortexed and then a 
10 ml aliquot was removed and mixed with 50 ml of 37 vol% HCl.  This mixture was 
heated and stirred to 60 ºC for 45 min.  One ml of the resulting solution was then added 
to 100 ml of methanol.  This solution was then vacuum filtered through a 0.2μm pore 
polycarbonate filter (Whatman, Middlesex, UK).  Following filtration, the polycarbonate 
filters were sputter coated with platinum and imaged using a S-3400N scanning electron 
microscope (Hitachi-HTA, Schaumburg, Il) at 10,000X.  20 representative images 
(12.5x10um field of view) were taken from each filter.  Image-J (NIH) software was 
utilized to identify and estimate wear particle number and morphology and through 
elliptical area fitting.  Statistical differences were assessed with Kruskal-Wallis one-way 










At each 0.5 million wear testing interval, gravimetric wear data were normalized 
to unloaded soak controls.  The SC-CO2 soaked controls were shown to lose a significant 
amount of weight between 0 and 0.5 million cycles (figure 3.5.6).  This was subsequently 
determined to be a product of residual SC-CO2 off-gassing, and was compensated for 
through the use of soak control weight correction.  Statistically significant differences in 
wear rate between the two groups was initially established at 3 million cycles (p = 
0.0236), with the SC-CO2 group loosing more weight than the Gamma group.  This 
statistical trend continued until the completion of the 5 million cycle test.  The final mean 
wear rate per million cycles was 0.0056 (±0.0045) g and 0.0088 (±0.0052) g (± 1 
standard deviation) for the gamma and SC-CO2 samples respectively (p=0.0048).  These 
data are shown in Figure 3.5.7 and 3.5.8. 
 
 
Figure 3.5.6:  SC-CO2 And Unsterilized UHMWPE TKR Insert Weight Changes Over The 5 Million 




Figure 3.5.7:  SC-CO2 And Unsterilized UHMWPE TKR Insert Soaked Control Corrected Weight 
Changes Over The 5 Million Cycle Study. 
 
 
Figure 3.5.8:  Summary Of Per-Million Weight Loss Measures. 
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3.5.6.2 Surface Topographical Analysis 
 
 
Visual assessment upon receipt of the UHMWPE implants from the manufacturer 
noted a significant difference in the surface color between the gamma vs. unsterilized 
groups as can be seen in figure 3.5.9.  Unsterilized UHMWPE surfaces were whiter, with 
the gamma UHMWPE surfaces being noticeably grayer.  This color difference was also 
noted in the SC-CO2 vs. gamma processing of the UHMWPE pins used in the pin-on-disk 





Figure 3.5.9:  Unworn NexGen Tibial Plateaus (Left-To-Right, SC-CO2 Sterilized, Gamma Sterilized, 
Unsterilized) 
 
Surface profilometry of the initial (0 million) UHMWPE surface showed that SC-
CO2 processing did not significantly alter the surface roughness of the implants with 
respect to the gamma controls (table 3.5.1).  During wear testing (1 million vs. 5 million), 
no significant differences in surface roughness measures were observed between the SC-
CO2 and the Gamma specimens (except for Rt at 1 million cycles, p=0.033)) (table 3.5.2).  
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All specimens showed statistically significant decreases in UHMWPE wear surface 
roughness as a result of the formation of a polished wear track on the original machined 
UHMWPE component between 0 and 1 million cycles (table 3.5.3).  The changes in 
roughness between 1 and 5 million were less severe, with all specimens continuing to 
decrease in surface roughness, but only ZS3 (Gamma) doing so to a statistically 
significant degree (p=0.0044) for measures of Ra.  Overall, no visual differences were 
noted between the topography or wear track characteristics of the SC-CO2 and gamma 
sterilized groups.  
 
Table 3.5.1:  Data Summary Of The Pre-Testing Non-Contact Surface Profilometry Roughness 





Table 3.5.2:  Statistical Summary Of The Pre-Testing Non-Contact Surface Profilometry Roughness 





Table 3.5.3:  Statistical Summary Of The Pre-Testing Non-Contact Surface Profilometry Roughness 




3.5.6.3 Surface SEM Analysis 
 
 
Scanning electron microscopy analysis revealed clearly evident wear tracks, with 
no significant wear track differences noted between implant sterilization groups.  All 
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implants exhibited polished wear surfaces with no evidence of delamination, pitting or 
significant scarring.  The Gamma surfaces were found to have more light scratching that 
looked to be the result of third both wear debris, while the SC-CO2 surfaces showed 
evidence of UHMWPE protuberances similar to the type noted in Chapter 4 of the 
UHMWPE pin-on-disk wear study.  Both specimens showed uneventful general wear 
morphology at 3,000 and 10,000X, which would be more than sufficient to examine any 
micro cracking or fissuring that can occur in UHMWPE bearing components. 
 
   
   
Figure 3.5.10:  SEM Images Showing 350X Surfaces Of Gamma Sterilized TKR Insert Machining 
Marks And Scratches On The Wear Surface, And 10,000X Images Of The Wear Surfaces With No 








   
   
   
Figure 3.5.11:  SEM Images Showing 350X Surfaces Of SC-CO2 Sterilized TKR Insert Machining 
Marks And Scratches And Protuberances On The Wear Surface, And 10,000X Images Of The Wear 
Surfaces With No Evidence Of Adverse Micro-damage. 
 
 
3.5.6.4 Wear Particle Analysis 
 
 
A summary of the method utilized for the imaging and analysis of the wear 
particle data is provided below.  This series of images shows the raw SEM image of the 
wear particles.  This was then imported into the Image J software and wear particles were 
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visually identified and circled using an elliptical fitting tool.  The software was then used 
to black out the underlying image by maximizing the contrast until only the white ellipses 
remained.  This final image was then subjected to a blob analysis to determine number, 
min/max radius, area, perimeter, and a host of other morphological parameters. 
   
   
Figure 3.5.12:  Images Showing A Summary Of The Method Utilized For The Imaging And Analysis 
Of The Wear Particles From The SEM Images. 
 
Particle size diameter ranges of 7.2-0.04um were found with over 788 particles 
being analyzed for each specimen and time point.  At the start of testing (1M) and at the 
end of testing (4M) no statistical differences (p>0.05) were noted between Gamma and 
SC-CO2 UHMWPE wear particle morphology.  Between 1M and 4M cycles of testing 
however, the Gamma and SC-CO2 wear particles both statistically increased in average 
diameter and average area.  Gamma vs. SC-CO2 particles with less than 0.2um average 





Table 3.5.4:  Data Summary Of Wear Particle Morphology Following TKR Wear Testing Simulation 
Of SC-CO2 And Gamma Sterilized UHMWPE 
 
Average Average Min/Max
Area (um2) Diameter (um) Average Ratio
Gamma 1M 0.1 ± 0.14 0.31 ± 0.18 0.73 ± 0.19
Gamma 4M 0.11 ± 0.14 0.34 ± 0.16 0.72 ± 0.19
SC-CO2 1M 0.12 ± 0.22 0.33 ± 0.21 0.73 ± 0.19
SC-CO2 4M 0.13 ± 0.22 0.35 ± 0.21 0.69 ± 0.22  
 
3. 6 Discussion 
 
The effects of sterilization on material properties play a key role in the 
performance of a medical device or implant.  Load bearing implants in particular, such as 
TKA devices, must have optimal material properties in order to withstand the high 
stresses to which they will be exposed.  Currently, the industry standard for sterilization 
of UHMWPE joint replacement components is gamma irradiation.  However, there is a 
significant controversy regarding the advantages and drawbacks of this method.  The 
present study was designed as a comparison of the effects of gamma irradiation in an 
inert environment, and a novel sterilization method, SC-CO2, on UHMWPE wear 
characteristics.  
 Although the SC-CO2 sterilized implants exhibited statistically 
significantly greater wear than the gamma sterilized implants, it must be noted that the 
both groups exhibited low wear rates when compared to the simulation literature (37, 38, 48, 
111-113) which report TKR wear rates anywhere between 4 and 41 mm3/million cycles(48).  
The high concentration of bovine serum lubricant (50%) utilized in this study could have 
acted to reduce the overall wear rates seen in the current study(112)however the wear rates 
observed are low even when compared with other tests conducted on the same simulator 
with the same lubricant composition(113).  The effect of TKR design on resulting wear rate 
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can not be discounted however and it is possible that the particular design utilized in this 
study was responsible for the lower wear rates observed in comparison to other designs 
tested utilizing similar testing parameters. 
The current experimental design utilized the standard gamma irradiated 
specimens as wear rate controls from which to evaluate the overall effect of SC-CO2 
sterilization on resulting wear rate.  Based on the experimental design, gamma irradiation 
was chosen as the control from which to evaluate the candidate sterilization process.  Had 
the SC-CO2 sterilization process severely affected the UHMWPE bulk, it would most like 
have produced a dramatic increase in wear rate and the appearance of adverse wear 
modes (pitting, delamination) during testing.  This result, in comparison with the 
expected “normal” wear from the gamma irradiation group, would have meant that SC-
CO2 sterilization was not a good candidate for UHMWPE orthopaedic materials.  On the 
other hand, if the results of this study showed that SC-CO2 sterilization produced lower 
wear rates that standard gamma sterilization, the study would provide evidence that the 
SC-CO2 sterilization technique could immediately serve as a replacement sterilization 
technology and processing step in the treatment of UHMWPE orthopaedic devices.  
Unfortunately, a third (and more inconclusive) result could be that the SC-CO2 sterilized 
UHMWPE components produced comparable wear and surface damage results to that of 
gamma irradiated UHMWPE components, leaving open the possibility that the SC-CO2 
sterilization did not adversely affect the UHMWPE bulk at all, reducing the overall wear 
testing study to a comparison of un-irradiated vs. irradiated UHMWPE.  The current data 
indicate that the latter scenario did play out in this research. 
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The small, but significant wear rate increase in the SC-CO2 UHMWPE material 
over that of the Gamma UHMWPE material, coupled with no significant differences in 
overall wear modes or wear surface appearance does call into question the use of the 
gamma sterilization as a “control” of the current study.  The gamma sterilization 
treatment was utilized as a control because it is the current “gold standard” from which 
other sterilization options are currently being compared.    The fact that SC-CO2 sterilized 
UHMWPE did not wear as well as gamma sterilized UHMWPE calls simply calls into 
question how much of an increase in UHMWPE wear rate is acceptable given the 
potential benefits of an alternative sterilization treatment for UHMWPE.  More 
importantly, did the SC-CO2 sterilization have any effect at all on the UHMWPE, which 
after all is unsterilized before treatment? 
The literature clearly shows that there is a positive correlation between irradiation 
dose and decreased UHMPWE wear rate  (98, 99, 101, 114).  If it were assumed that SC-CO2 
sterilization did not affect the material or wear properties of UHMWPE, it would be 
expected that Gamma sterilized UHMWPE components would wear less than the 
unaltered controls.  A 25 KGy gamma irradiated UHMWPE material can be expected to 
show upwards of a 50% reduction in wear rate compared to an unsterilized UHMWPE 
control(115, 116).   It could be hypothesized therefore that SC-CO2 sterilization does not 
adversely affect the wear rate of UHMWPE, rather gamma sterilization reduces it.  
A few studies have reported on the effect of ETO sterilization of UHMWPE in 
comparison with standard dose gamma irradiation of UHMWPE.  ETO is a known 
carcinogen, but similar to the current study, there exists little data to suggest that ETO 
sterilization in itself adversely affects the wear rate of UHMWPE with respect to 
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unsterilized UHMWPE.  Many total hip replacement simulation studies have reported on 
the effects of sterilization method on UHMWPE wear rates, with ETO sterilized 
UHMWPE specimens showing a 1.2 to 2.4 times increase in wear rate to that of gamma 
sterilized specimens(109, 117-120).  Again however, it could be hypothesized that ETO 
sterilization does not adversely affect the wear rate of UHMWPE, rather gamma 
sterilization reduces it.  The 1.2 to 2.4 This is also comparable to the reduction in wear 
rates observed between ETO sterilized UHMPWE and standard gamma irradiated 
UHMWPE. 
Gamma sterilization is well known to increase the wear resistance of 
UHMWPE(114)with the effect being most pronounced at higher cross-link doses (50-100 
Mrad and above).  The effects below this value are less detectable, but even smaller 
irradiation doses (25-50 MRad, 2.5-5kGy) have been shown to provide moderate 
resistance to UHMWPE wear over time(98, 99, 101).  The data from this study suggest that 
SC-CO2 sterilization does not have a detrimental effect on total wear, only that gamma 
sterilization shows a general trend of reducing the total amount of wear.  This cannot be 
stated as fact however, as one of the drawbacks of the present study was the lack of any 
unsterilized control samples during the wear test. 
Visual observation, surface roughness analysis and scanning electron microscopy 
analysis show that the gamma and SC-CO2 sterilized implants have similar wear 
characteristics at all time points during the wear test.  If the SC-CO2 sterilization process 
had induced significant changes to the UHMWPE material bulk, it is unlikely that the 
resulting wear surfaces would mimic that of the gamma irradiated UHMWPE 
components.  Initial studies of UHMWPE SC-CO2 sterilization under more aggressive 
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processing conditions found preliminary evidence of wear surface delamination(29) after 
only 10Km of multi-axis surface sliding.  Such delamination would have proved 
catastrophic given the severity of the loading and motion conditions in the current TKR 
wear testing simulation in comparison to controlled multi-axis sliding. 
 While the gamma sterilized implants performed better than the SC-CO2 sterilized 
implants in the wear test, tensile testing (chapter 4 of this dissertation) revealed that SC-
CO2 sterilized UHMWPE samples had statistically significantly greater ultimate strain.  
Critics of UHMWPE gamma sterilized TKR components have pointed to the detrimental 
effects that irradiation can have on UHMWPE tensile properties as cause for concern.  
These tensile tests show that there were no significant differences between unsterilized 
and SC-CO2 sterilized UHMWPE specimens, indicating that SC-CO2 sterilization does 
not adversely affect the mechanical properties of the polymer. 
Wear particle analysis revealed that there was no statistically significant 
difference in wear particle sizes between the gamma and SC-CO2 sterilized samples at 
either the 1 million or 4 million wear testing intervals.  The analysis of wear particle 
morphology is a critical component in the assessment of biomaterial suitability for TKR 
bearing use.  The results of this study show that SC-CO2 sterilized UHMWPE tibial 
inserts produce wear particulate morphology that is not statistically different from that of 
Gamma sterilized inserts. This indicates that wear particles from an SC-CO2 sterilized 
implant would be no more or less likely to elicit an adverse immune response leading to 
osteolysis and implant failure.  The increasing particle size trend noted for each type of 
material could the hypothesized to be a product of metal counterface roughening over the 
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course of testing.  This study offers supporting evidence that SC-CO2 shows promise as a 
method by which to sterilize UHMWPE bearing components. 
 
3. 7 Conclusions 
 
 
Gamma irradiation in an inert environment has become the industry standard for 
UHMWPE orthopedic component sterilization, partly due to the fact that it has been 
shown to reduce wear rates, and is thus hailed as an enhancer of material properties in 
addition to simply being a method of sterilization.  Data from the present study indicate 
that gamma sterilized implants wear less than SC-CO2  in vitro, adding to the data in the 
literature indicating that gamma sterilized implants wear less than EtO sterilized 
implants.  However, the value of gamma sterilization rests on the performance of 
implants under long term in vivo conditions.  If the detractors of gamma-sterilized 
UHMWPE are correct(19, 21), then the detrimental effects of the process (tensile properties 
and wear particle size) will outweigh the benefit of a decreased wear rate, and alternative 
sterilization methods such as SC-CO2 will have to be examined further.  The use of SC-
CO2 sterilization for more sensitive polymers such as those commonly employed in the 
construction of tissue engineering scaffolds is an area that warrants further research, as 
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Clinical and experimental evidence has shown that UHMWPE is especially 
susceptible to changes in mechanical and surface material properties as a result of current 
sterilization processes that involve heat, moisture and/or irradiation.  Concurrently, the 
demand for alternative sterilization treatments and fabrication processes for UHMWPE is 
increasing as a younger and more active patient population places longer service lifetime 
expectations on current UHMWPE devices.  Supercritical phase carbon dioxide 
sterilization is a promising sterilization option for medical grade UHMWPE, reducing the 
exposure of the polymer to the detrimental effects of heat, moisture and/or radiation.  
This dissertation explored the use of SC- CO2 sterilization for UHMWPE total joint 
applications from a tribological perspective.  It sought to investigate and quantify 
fundamental tribological measures that occur at the bearing contact of total joint 
replacements, and it sought to formulate and develop new experimental techniques and 
testing systems to investigate these tribological phenomena. 
This dissertation explored the hypothesis that SC-CO2 sterilization does not 
significantly affect the mechanical and/or tribological properties of UHMWPE, making it 
a “material safe” sterilization treatment for use in the orthopaedic market.  To answer this 
hypothesis, this dissertation developed and employed a series of clinically relevant wear 
testing methodologies in conjunction with industry standard material and surface 
characterization techniques to evaluate the efficacy of SC-CO2 for UHMWPE 
sterilization.   This research was presented in five key phases being; 1) The evaluation of 
the clinical relevance of total knee replacement simulation wear testing through a direct 
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comparison of patient and simulator TKR kinematics, 2) The quantification of TKR 
bearing kinematics during laboratory simulation, 3) The development of a pin-in-disk 
wear testing system for the simulation of complex cross-shear wear and novel bearing 
materials, 4) The pin-on-disk wear testing and materials evaluation of SC-CO2 sterilized 
UHMWPE, and 5) The full-scale TKR wear testing of SC-CO2 sterilized UHMWPE 
utilizing a force-controlled simulator.  Each of these 5 phases of research asserted a 
specific hypothesis in support of its research goal upon which an experimental approach 
was developed and implemented.   
In Phase 1, the hypothesis was forwarded that, “Force controlled knee joint 
simulation TKR mechanics are representative of clinical TKR performance 
characteristics”.  This was asserted in the hopes of determining if the experimental data 
from force-controlled TKR wear testing simulation could be utilized as a reliable estimate 
of the in vivo condition, thus enabling the use of this testing platform as a tribological 
test-bed for clinically relevant hypotheses.  Results from this investigation were 
promising, with the experimental comparison of simulator and patient data sets 
determining that indeed that were no statistical differences between most of the clinical 
and kinematic variables used to describe implant function.  This data therefore was used 
to support the hypothesis, and experimental measures from this research were taken 
forward in the dissertation outline to experimental questions in Phase 2. 
In Phase 2, the hypothesis was forwarded that, “TKR simulation on a force-
controlled simulator induces complex cross shear motions that are quantifiable during 
experimentation”.  This was asserted in an effort to develop the terminology and 
computational tools needed to explore the motions of TKR bearing surfaces during 
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simulation.  Prior to this research, the kinematic conditions at the bearing contact were 
largely ignored, and often replaced with general clinical measures that were insufficient 
to accurately quantify the relationship between reported wear rates and implant kinematic 
performance.  The data generated from this research was used to support the hypothesis 
of this research, with the extraction of contact sliding velocity profiles and bearing 
contact point mappings that quantified detailed evidence of multi-axial “cross-shear” 
mechanisms occuring during TKR simulation.  This kinematic performance data was then 
carried forward into Phase 3 of this dissertation for the development of testing systems 
that could reproduce “cross-shear” wear conditions. 
In Phase 3, the hypothesis was forwarded that, ”A pin-on-disk based simulator 
and experimental methods can be developed that can reproduce the complex cross-shear 
bearing motions that occur during TKR simulation to evaluate the tribology of novel 
bearing materials such as SC-CO2 sterilized UHMWPE”.  While this was considered no 
trivial task, the design of such a cross-shear wear testing system was conceived and 
constructed based on the experimental parameters and variables that were quantified in 
Phase 2 of this dissertation.  The MAX-Shear wear testing machine was developed to 
allow for the basic investigation of multi-axis wear pathway effects on novel 
formulations and processing techniques of biomaterials.  Within the context of 
“validating” the functionality of the MAX-Shear wear testing machine, explorations into 
the machines versatility were conducted during basic and applied research endeavors.  
The examination of the effect of cross-shear and linear motion pathways on the wear rate 
of UHMWPE laid the foundation for the development of standard operating procedures 
(SOPs)  related to multi-axis cross shear wear testing, and the subsequent peer-reviewed 
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validation of the MAX-Shear machines design and operating parameters through journal 
publication.  The examination of novel hydrogel bearing materials for use in hemi-
arthroplasty applications provided a unique opportunity to explore the relationship 
between multi-axis friction measurements and resulting cartilage/material wear rates 
through funded orthopaedic industry funding.  These studies in addition to numerous 
secondary studies conducted on the MAX-Shear wear testing platform by other 
undergraduate and graduate research activates provided ample proof that the MAX-Shear 
wear testing system satisfied the hypothesis of this phase of dissertation research, and 
was capable of being applied to the investigation of the effects of cross-shear wear testing 
on SC-CO2 sterilized UHMWPE. 
Phase 4 of this dissertation forwarded the hypothesis that, “SC-CO2 sterilized 
UHMWPE has comparable friction and wear properties to clinically relevant forms of 
UHMWPE sterilization, and is a tribologically viable material for TKR material 
applications”.  As such, the MAX-Shear wear testing system was set to task by the 
development and implementation of a full-scale, 40Km pin-on-disk wear testing study.  A 
custom configured UHMWPE pin-stainless steel disk configuration was deigned and a 
multi-axis wear testing profile under sliding conditions that approximated multi-axis 
cross-shear intensities consistent with clinical wear rates in the literature was performed.  
The wear rates, frictional coefficients, surface damage and sub-surface damage of SC-
CO2 sterilized UHMWPE was compared with that of standard gamma sterilized 
UHMWPE and unsterilized UHMWPE.  Results of this study showed that there were no 
significant or observed differences between any of the recorded indicators of wear or 
tribology between material treatment groups.  Secondary mechanical analyses did 
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however highlight the reduced toughness of gamma irradiated UHMWPE in comparison 
to unsterilized and SC-CO2 sterilized UHMWPE, adding further evidence to support the 
hypothesis of this phase of the dissertation, that SC-CO2 sterilized UHMWPE is a 
comparable and tribologically viable material for TKR material applications.   
Phase 5 of this dissertation forwarded the hypothesis that, “SC-CO2 sterilized 
UHMWPE tibial inserts are tribologically comparable to clinically successful UHMWPE 
tibial inserts”, based on the promising results from the pin-on-disk wear testing and 
mechanical studies completed in Phase 4.  Validation of this hypothesis played heavily on 
the results of research conducted in phases 1 and 2 of this dissertation in that it was 
essential that the methods and testing techniques utilized in force-controlled wear testing 
be of sufficient merit so as to provide clinical justification for the study in question.  
Following completion of phases 1 and 2 of this dissertation, the clinically validated 
materials and methods of force-controlled wear testing were applied to many other wear 
testing investigations which served to further refine the experimental techniques that 
were brought to bear on the current research hypothesis.  These preliminary studies also 
established the credibility of the laboratory and assisted in obtaining industry support for 
the donation of TKR implants and sterilizing standards for use in Phase 5 of this 
dissertation.  Results from the direct comparison of gamma and SC-CO2 sterilized 
UHMWPE TKR inserts following a 5 million cycle force-controlled wear testing study 
showed that gamma irradiated UHMWPE did indeed wear less than SC-CO2 sterilized 
UHMWPE, but that no evidence of accelerated wear rates or adverse tribological 
conditions existed to distinguish the performance of SC-CO2 sterilized UHMWPE from 
that of published reports of unsterilized UHMWPE wear in comparison to gamma 
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irradiated UHMWPE.  From Phase 5 of this dissertation research, we were therefore able 
to offer supporting evidence that SC-CO2 sterilization was not responsible for any 
adverse wear or adverse tribological conditions at the TKR implant level, and that this 
technology is staged for the successful incorporation into the orthopaedic industrial 
market. 
The 5 phases of this dissertation were intended to provide a structured and 
disciplined approach to investigate the potential of SC-CO2 as a “material safe” 
sterilization method for medical grade UHMWPE for use in the orthopaedic market.  To 
answer this hypothesis, this dissertation developed and employed a series of clinically 
relevant wear testing methodologies in conjunction with industry standard material and 
surface characterization techniques to evaluate the efficacy of SC-CO2 for UHMWPE 
sterilization.   The results of this dissertation overwhelmingly support the hypothesis that 
SC-CO2 sterilization does not significantly affect the mechanical or bearing wear 
properties of UHMWPE and that as such, it can be considered a “material safe” form of 
UHMWPE sterilization. 
Although the phases of this dissertation are presented in chapter format, there 
exists a great deal of collaborative and connective research methodology and 
experimental evidence that was used to drive and unify the supportive structure and body 
of this dissertation’s identity.  With the end goal of full-scale SC-CO2 sterilized 
UHMWPE TKR wear testing (Phase 5) clearly to serve as a cap-stone in the research 
hypothesis of this dissertation, this endeavor could not be undertaken without the 
considerable support of industrial sponsors, who were integral partners in many of the 
preliminary studies included in Phase 1 and 2.  As well, without initial wear testing data 
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(Phase 4) to support the justification of conducting a 5 million cycle force-controlled 
wear study (Phase 5), industrial sponsorship would have been difficult to obtain.  Further, 
without experimental validation of the clinical relevance of the TKR kinematic measures 
(Phase 1) and complex multi-axis pathways (Phase 2) that were hypothesized to occur 
during TKR wear testing, the relevance of the methodology implemented (Phase 4)  and 
the credibility of the results obtained during the final phase of TKR wear testing (Phase 
5) would have been in question.  Finally, without a multi-axis wear testing platform 
(Phase 3) upon which to investigate the kinematic and cross-motion pathways that were 
gleaned from Phases 1 and 2, the implementation of a pin-on-disk study for the initial 
assessment of SC-CO2 sterilized UHMWPE wear (Phase 4) would not have been 
possible. 
From a results perspective, each phase of this dissertation offers supporting 
evidence that SC-CO2 sterilization of UHMWPE is a “material safe” procedure.  Results 
from Phase 4 show that there were no statistical differences in wear rate or surface 
damage between SC-CO2 sterilized and the gamma sterilized UHMWPE standard.  This 
data is supported by the conclusion that the kinematic testing conditions developed in 
Phase 2 of this dissertation, and utilized to construct (Phase 3) and conduct the MAX-
Shear wear testing (Phase 4) were grounded in multi-axis force-controlled kinematic 
conditions that were found to be clinically relevant (Phase 1).  Finally, the full scale wear 
testing of SC-CO2 sterilized UHMWPE TKR inserts (Phase 5) showed that the wear rate 
of this “processed” material is comparable to that of unsterilized UHMWPE TKR inserts 
in the literature in comparison to standard gamma irradiated UHMWPE TKR inserts.   
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A secondary, but equally important goal for this dissertation research was the 
development and employment of clinically relevant wear testing methodologies for the 
investigation of the hypotheses in question.  Without the experimental tools and methods 
needed to investigate the research questions at hand, little would have been 
accomplished.  As such, each phase of this research was tasked with the development of 
methods, procedures and systems with which to address the experimental hypotheses in 
question.  Phase 1 of this dissertation required the development of a lexicon between 
clinical and simulator TKR kinematic datasets for the purposes of cross-comparison and 
analysis.  Phase 2 required the development of kinematic analysis techniques for the 
extraction of complex multi-axis contact pathway descriptors for the evaluation of 
bearing tribology.  Phase 3 of this dissertation proved to provide the bulk of experimental 
design and development with the creation of a completely new experimental testing 
platform for the evaluation of multi-axis bearing tribology.  With this came the added 
burden of the development of new experimental testing methodologies and analysis 
techniques for the elucidation of bearing mechanics and tribological measures.  These 
methods and systems were refined and applied in Phase 4 following a re-design of 
experimental fixtures to facilitate long-term pin-on-disk wear testing on the MAX-Shear 
wear testing machine.  Finally, Phase 5 saw the finally application of clinically relevant 
wear testing methodologies that were developed on the shoulders of each of the 4 phases 
that preceded it.  Without doubt, the dissertation goals of “design and development” with 
respect to the experimental method were satisfied though the course of these five 






Often reserved for critique of the experimental methods and results of the 
dissertation, this recommendation section will attempt to reflect upon the research 
observations contained in this body of text, as well as other observations that did not 
make it to press.  In general, it is the belief of the author that most of the research 
contained herein is adequate for the research questions at hand.  This opinion is strongly 
supported by the peer-reviewed literature (conference abstracts, journal papers) produced 
from the work contained in this dissertation, as well as the extra-laboratory collaborative 
support and industrial sponsorship that encompassed much of the work presented.  In lieu 
of this, there are some things that the author would in hindsight, do differently given a 
second chance. 
In Phase 1 of this dissertation, additional patient and simulator specimens would 
have added greatly to the validation of the hypothesis.  The n=4 patient and n=4 
simulator data-sets, while adequate, were minimal and did not enhance the overall 
acceptance of the results.  In Phase 2 of this dissertation, much of the data analysis and 
computational methods were developed in spreadsheet software, similar to the methods 
that were established for the processing of wear testing simulation data.  While the 
simulator data processing is a limited procedure, the computational demands of the 
advanced kinematic analysis taxed the spreadsheet software and made iterative analysis 
cumbersome.  In retrospect, the use of more advanced computational and programming 
software would have made the resulting method and analysis more user-friendly and 
adaptable. 
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In Phase 3 of this dissertation, much of the design and development of the MAX-
Shear wear testing machine was conducted with pen-and-paper and through graphic 
design in drawing software packages.  This task would have been made much easier 
though the use of a CAD software package, and it would have make revisions to the 
design and development of secondary fixtures and equipment much more seamless. 
In Phase 4, the wear testing results were inconclusive, and it is speculative as to 
what could have improved the chances of a significant results between treatments.  While 
no statistical difference between SC-CO2 and gamma sterilized groups was a positive 
result, it was expected that the gamma group would have had statistically less wear than 
the unsterilized group.  As such, it would be recommended that future testing incorporate 
rougher metal counterfaces, more demanding lubricant conditions, or more aggressive 
kinematic conditions in the hope of attaining positive distinctions between controls. 
In Phase 5 of this dissertation, the configuration of the simulator required the n=2 
SC-CO2 and n=2 gamma irradiated TKR insert treatment of the variables.  Although this 
was unavoidable, it is a constant detriment to the results of any study performed on these 
simulator systems.  In an ideal setting, two tests would be run in series to allow for n=4 
specimens from each group. As well, there is the observation that an unsterilized control 
was not run in Phase 5 of this research.  The use of an unsterilized control would have 
validated the hypothesis that SC-CO2 sterilization does “no harm” to the UHMWPE.  
This can not be stated with absolute certainty given the current data, and the 
corresponding difference between the wear rates of the gamma specimens in comparison 
to the SC-CO2 specimens can not be quantitatively put into context without extrapolation 
to secondary literature sources. 
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Future directions for this research endeavor can focus on many areas of material 
science and engineering.  From the results of this dissertation, it seems clear that the 
processing steps utilized for SC-CO2 sterilization of UHMWPE are improvements to 
those utilized for the prior research conducted by Natholie Destrube for her MS degree in 
Bioengineering in 2004.  As such, the question arises as to what processing differences 
were most critical to this difference in results, and therefore what processing parameters 
could be further refined to enhance the sterilization efficiency and perhaps further 
minimize the effect of the procedure on UHMWPE.  Added to this would be the potential 
for the SC-CO2 sterilization procedure to actually enhance the material performance of 
UHMWPE through the use of additives to the super-critical process, as this is one of the 
fundamental uses of this technology.  Finally, it is considered that the SC-CO2 penetrates 
the bulk of UHMWPE and therefore in some manner must interact with the material 
micro or nano structure.  Quantification of the mechanisms and effects of this material-
solvent interaction from a mechanical and chemical perspective would great enhance the 
fundamental understanding of mechanisms of potential damage or enhancement to this 
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